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In 2004, AI in Space becomes a reality

Autonomous Scienceraft AI Software operates the EO-1 spacecraft for over a dozen years,
acquiring over 60,000 images, issuing almost $3 million commands 



Simultaneously the 
Earth Observing 
Sensorweb links 
together scores of 
spacecraft, ground 
observatories, and 
air and marine  
assets to monitor 
volcanos, flooding, 
wildfires and more, 
acquiring thousands 
of images without 
any human 
intervention!



Example: NASA ASE/EO-1 Volcanoes
• Automated tasking: Volcano Sensorweb

• Links together scores of space, ground, other assets
• Automated Data analysis, triage to generate prioritized requests à ASE/EO-1 

service à products delivered to stakeholders.
• Over 100,000 alerts/triggers 

End Result, - Thousands of volcanic scenes 2008-2017, 
35%+ of said scenes with thermal signatures!
Compare to MODIS background < 1% of scenes with active thermal signature.
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Partners (incomplete list):
MODVOLC
GOESVOLC
AFWA
VAAC
Iceland/MEVO
Etna VO (U. Firenze)
MEVO (NM Tech)
HVO (Kilauea)
IEGPN (Ecuador)
CVO (Mount St. Helens)

See [Chien et al. 2005 IEEE IS, Davies et 
al. 2006 EOS, Davies et al. 2005, 2007, 
2016a,b] 



Example: NASA ASE/EO-1 Flooding
• Automated tasking: Thailand Flood Sensorweb

• Links together space, ground assets
• Automated Data analysis, triage to generate prioritized requests 

à ASE/EO-1observation service and others
à products to stakeholders

• Fuse data from satellite, ground sensor, and model sources
+100% temporal coverage for 2010-2011, 2011-2012 Flooding Seasons
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Partners:
HAII (Thailand)
Digital Globe 
(Worldview)
Geo-Eye
Radarsat
Landsat
LANCE-MODIS

Flooded: October 
27, 2011

Dry: March 
6, 2011

! ! !

GeoEye-1

! ! !

Ikonos Landsat-7	ETM

In-situ data and Model

EO-1/ALI
See [Chien et al. 2011 
IGARSS, 2013 JSTARS].
See also Wildfires [Chien 
et al. 2011 JSTARS, Chien 
et al. JAIS 2018]



Land, Ice, Water, Snow Detection using Support Vector Machines

• Primary Purpose
• Identify areas of land cover (land, 

ice, water, snow) in a scene

• Three algorithms:
• Scientist manually derived
• Automatic best ratio
• Support Vector Machine (SVM)

Classifier Expert 
Derived

Automated 
Ratio

SVM

cloud 45.7% 43.7% 58.5%

ice 60.1% 34.3% 80.4%

land 93.6% 94.7% 94.0%

snow 63.5% 90.4% 71.6%

water 84.2% 74.3% 89.1%

unclassified 45.7% Visible 
Image

Expert 
Labeled

Expert 
Derived

Automated 
Ratio

SVM

Lake Mendota, Wisconsin 

T. Doggett et al. 2006 RSE



Bayesian
Thresholding 

- While the RDF method examines a 
window of values around the pixel to be 
classified, BT classifies each pixel 
independently. 
- BT was previously employed to analyze 
data collected by the AVIRIS-C airborne 
sensor (Thompson et al. 2014). 
- For EO- 1, BT used Hyperion bands at 
447, 1245, and 1658 nm to span the 
range from blue to short-wave infrared. 

Image courtesy Thompson et al. 2014 
TGARS  
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Bayesian thresholding 
exploits the natural division 
between dark surface 
materials and bright cloudy 
regions at particular 
wavelengths. 



TextureCam – Random Decision Forests
Pixel classification for cloud screening, 

[Thompson et al., i-SAIRAS 2012;    Wagstaff et al., GRL 2013;    Bekker et al., Astrobiology 2014]

▫

Pixel to be classified Random forest classifier

compute x1

Class 1

x1< τ1

compute x2 compute x3

x1 ≥ τ1

x2 ≥ τ2x2< τ2

compute x4



Onboard 
Hyperspectral 
Analysis

Kruse/Grant 
manual analysis 
(AVIRIS) 

Kruse/Grant 
manual analysis 
(Hyperion) 

EO-1 Onboard 
Sept. 21, 2011 

EO-1 Onboard 
Sept. 27, 2011 

!"#"$%$&'('%)*+,$#-+

!"#"$%$&'('%)*+."%"/012-+
345-"+"%+$(6+

EO-1 Onboard 
Sept. 21, 2011 

Kruse/Grant manual 
analysis (Hyperion) 

endmember 2 
Alunite 

15 (spurious) 

3 Muscovite 

27 Calcite 

2 Alunite 

7 Calcite 

16 Muscovite 

21 Muscovite 

29 Kaolinite/Alunite? 

28 Kaolinite/Mscovite 

EO-1 Onboard 
Sept. 27, 2011 

Superpixel segmentation
+

The sequential maximum angle convex cone 
(SMACC) 

endmember extraction

Results from onboard EO-1 (9/2011)

D. Thompson et al. 2012 TGARS 



WorldView-2 Data

WorldView-2 Image of 
Eyjafjallajökull eruption, acquired 
April 17, 2010

Histogram-equalized image

Plume

Shadow

LandMclaren et al. 2012, SPIE



Height Estimation
• Estimate plume height from shadows
• Followed calculations derived in A. J. Prata

and I. F. Grant, “Determination of mass 
loadings and plume heights of volcanic ash 
clouds from satellite data”

• Rotated classification maps so sun rays are 
coming from –Y axis (bottom of the image)

• Collected shadow line segments which have 
a neighboring plume region in sunward 
direction

• Corrected shadow lengths for:
• Sun and spacecraft azimuth, elevation
• Ground elevation at shadow edge

• ASTER GDEM2 DEM
• 30m horiz. spacing, 1m vert.

Terrain

S/C

sea level

d

d’

d : Initial shadow length
d’: Shadow length after projecting up 
to DEM & down along sun vector
h : Plume point height

* Plume edge point

h



Salience – Unsupervised Novelty Detection
• Salience is an unsupervised algorithm that assigns a score to 

each pixel that captures how anomalous it is within its local 
context. The salience S of pixel p is computed with respect 
to the histogram Pw of intensity values in the surrounding 
window w: 

• where M is a normalization factor that is the maximum 
• salience possible given the window histogram and size: 

2/9/21 POC: Wagstaff/JPL 12



jpl.nasa.gov

Salience for Volcano in Chile



jpl.nasa.gov

Salience for buildings in Thailand 

Wagstaff et al. 2018 i-sairas



Timeline-based Scheduling

Many timeline based 
schedulers in use for 
space missions.
See 

[Chien et al. 2012, 
SpaceOps]



Generate & Test

Candidate
Observations

Insert
Candidate 

Observation(s)

Timeline 
Constraint 

Check

Repair

Remove 
Observation(s)

Conflicts remain

No
Conflicts 
remain

Priority & Maneuver 
Enforced here

Timing,
Resource, 

State Transition,
Temperature 

Enforced here

Timeline constraint 
check occurs 

O(tuples)
Each cost is 

O(schedule length)

POC: S. Chien/JPL

See: 
Chien et al., ICAPS 2010, 
Best Applied Research Paper Award.



https://www.wired.com/2017/03/say-farewell-eo-1-nasas-smartest-satellite/



Predecisional, for planning and discussion only.



AI-based Targeting 
of the Chemcam
laser on the Mars 
Science Laboratory 
Rover







22Scheduling and Execution:  Past, Present, and Future

Predecisional, for 
planning and 
discussion only.

POC: T. Estlin, R. Francis/JPL
AEGIS/MER, winner of the 2011 NASA Software of the Year Award



Predecisional, for planning and 
discussion only.



MSL unused Time/Energy [Gaines et al. 2016]

Pahrump Hills theoretical potential time gains: Blue – Idle Time; Gray – time from unused energy 
MSL submasters on average execution time 28% less than planned time (+ cleanups)



Scheduling and Execution:  Past, Present, and Future

Example M2020 Sol Type:
Medium Drive with post drive imaging.

Predecisional, for planning and discussion only.
Rabideau et al. 2017 IWPSS; Chi et al 2018 ICAPS; Chi et al. 2019 ICAPS POC: S. Chien/JPL





Future AI
Self Reliant Rover demonstrated an 80% reduction in time to complete a walkabout campaign [Gaines et al. 2020] by 
using onboard science driven AI. Technologies also very relevant to “long drive” scenarios.



Automated terrain (slip) analysis 
assists ground-based MSL rover 
planners more quickly and accurately 
plan rover paths [Ono et al. 2020].

Future rover missions can use this technology onboard 
to enable more capable slip-aware autonomous 
driving [Gaines et al. 2020].



Rosetta



Philae Lander Delivery

Image courtesy MPI/OSIRIS, ESA/Rosetta



Lander Delivery

Image courtesy MPS/OSIRIS
ESA/Rosetta



Lander Delivery



Broad Sweeps vs Targeted Sweeps



Plume 
Detection 
Rosetta 
OSIRIS

[Brown et al. 2017]

Brown et al. 2019 Astronomical J.

Collaboration w. H. Sierks/MPI

Original Image sequence credit: 
OSIRIS/MPI, Rosetta/ESA



Coverage Scheduling 
• Numerous missions involve variations of 

coverage scheduling, this technology is 
mature an in use for several NASA 
missions

• ECOSTRESS: coverage, illumination, priority 
and background mapping, radiation 
keepouts, data management

• OCO-3: visibility, illumination, complex 
geometry, area map prioritization, PMA 
calibration, complex rapid pointing and flip 
constraints

• NISAR: data volume, power/energy, 
complex coverage campaigns

ECOSTRESS

OCO-3

NISAR



https://www.jpl.nasa.gov/news/news.php
?feature=7445

NEWS | JULY 2, 2019
NASA's ECOSTRESS Maps 
European Heat Wave From 
Space

https://www.jpl.nasa.gov/news/news.php?feature=7445
https://www.jpl.nasa.gov/news/


https://www.jpl.n
asa.gov/news/ne
ws.php?feature=
7452

NEWS | JULY 12, 
2019
NASA's Orbiting 
Carbon 
Observatory-3 
Gets First Data

https://www.jpl.nasa.gov/news/news.php?feature=7452
https://www.jpl.nasa.gov/news/


No time for…ask me about…



Constraint based scheduling for NASA’s Deep Space Network
Demand forecasting [SpaceOps 2018], Midrange scheduling [AIMAG 2014], near real-time scheduling
Link complexity based scheduling [SpaceOps 2018]



Machine Learning for Automated Triage/detection of Visual Transient Events 
Intermediate Palomar Transient Factory (i-PTF)
Continuous quality control and retraining
103 à 50

Rebbapragada et al.



Machine Learning for Automated Triage/classification of Radio Transient Events 
Very Long Baseline Array (VLBA)   Fast Transients Experiment (V-FASTR)
105 à 50 per 24h
Random Decision Forests, continuous quality control and retraining. 

Wagstaff et al. 2016 



Mars Target Encyclopedia
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Introduction: Geochemical data for both rocks and 

soils from Gale Crater, and Gusev Crater, are compared 

here with data from the Gamma Ray Spectrometer 

(GRS) experiment on the Mars Odyssey Spacecraft [1, 

2]. Both Gale and Gusev craters are located near the di-

chotomy boundary between the Noachian Highlands 

and the younger volcanics and transitional units to the 

north (Fig. 1). Element ratios in these samples may pro-

vide a link between the regional provinces analyzed by 

GRS and the materials at the two landing sites. The lith-

ophile data may lead to a better understanding of the 

origin and evolution of the martian crust in this region 

of Mars, while the volatile element components SO3, Cl, 

and water provide information on volcanic aerosols, 

weathering processes and potentially recent climate [3]. 

Fig. 1 – Portion of the Mars Global Geologic map with 

arrows showing Gale (West) and Gusev (East) craters on the 

dichotomy boundary.  See Fig. 2 for scale and reference. 

 
Geochemical components and normalization: 

Comparing the chemistry of Gale and Gusev samples 

with other martian data must take into account the dif-

ferent geochemical components in the samples. The 

most important distinction is between the lithophile el-

ements including Al, Si, Fe, Mn, Ca, Na, Mg, etc. that 

represents the rock component, and  the volatile ele-

ments including H, C, Cl, S, that represent later external 

input to the soils and rocks. Normalization to SiO2, pro-

vides a way to correct the lithophile elements for varia-

ble amounts of the mobile element component, mainly 

sulfur, chlorine and water. 

 

 

Fig. 2 – Areas with distinctive GRS signatures based on 5 

x 5 degree binned data.  

Fig. 3 – CaO/SiO2 vs. FeO/SiO2 data for areas near Gale 

and Gusev Craters (Fig. 2) with distinctive GRS signatures. 

 
Regional trends from GRS: The GRS composi-

tions reflect the integrated abundances to a depth of ~ 

0.5 m, but the instrument is not collimated, and ~ 50% 

of the received gamma rays come from an area ten de-

grees in diameter on the surface below the instrument 

[4]. Thus most of the signal from each 5 degree binned 

data used in this study comes from outside the nominal 

area represented by the data. Because Gale and Gusev 

craters are only ~ 3 degrees in diameter, there is no way 

to get their unique GRS signatures. Therefore, because 

the two landing sites are on the dichotomy boundary, 

Example of GRS 10 degree “pixel” 

2284.pdf

46th Lunar and Planetary Science Conference (2015)

SEDIMENTOLOGY AND STRATIGRAPHY OF THE PAHRUMP HILLS OUTCROP, LOWER MOUNT 
SHARP, GALE CRATER, MARS.  K. M. Stack1, J. P. Grotzinger2, S. Gupta3, L. C. Kah4, K. W. Lewis,5 M. J. 
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Canada. 

 
 
Introduction:  In September 2014, the Mars Sci-

ence Laboratory Curiosity rover arrived at the 
Pahrump Hills outcrop after an 8 km traverse from 
Yellowknife Bay. Geologic mapping of high-
resolution orbital images from the HiRISE camera 
suggests that the Pahrump Hills outcrop is Curiosity’s 
first encounter with the Murray formation, the informal 
designation for strata recognized as lower Mount Sharp 
(Figure 1). This study presents an overview of the Cu-
riosity rover team’s investigation of Pahrump Hills and 
provides the stratigraphic context and depositional 
interpretation for sedimentary facies and diagenetic 
textures observed at this outcrop.  

 
Figure 1. Location of the Pahrump Hills outcrop (yellow star) shown 
in HiRISE and on a HiRISE digital terrain model (inset).   
 

The Curiosity Rover Team’s Investigation at 
Pahrump Hills: After completing sample acquisition 
and analysis at the Confidence Hills drill site at the 
base of Pahrump Hills [1], Curiosity began the first of 
two traverses up the ~12 m thick Pahrump Hills sec-
tion (Figure 2). During the first traverse, only the re-
mote science instruments (ChemCam, Mastcam, and 
MARDI) were used to quickly and efficiently charac-
terize the section [2-4]. Several outcrops were then 
examined during a second traverse using Curiosity’s 
dust removal tool (DRT) and contact science instru-
ments (MAHLI and APXS) [5,6]. Using observations 
acquired during the two traverses from the Mastcam, 
MARDI, and MAHLI cameras localized to HiRISE 

DTM and Navcam stereo mesh data, a stratigraphic 
column was constructed for Pahrump Hills using ele-
vations, lithologic, and sedimentary properties (Figure 
3). 

 
Figure 2. Main outcrops visited by the Curiosity rover at the 
Pahrump Hills outcrop displayed on a Mastcam mosaic produced by 
MSSS. White dots = end of drive or mid-drive stops visited during 
traverse 1 only, red dots = outcrops examined during traverse 2, blue 
dot = Confidence Hill drill location.  
 

Sedimentary Facies at Pahrump Hills:  Five 
main sedimentary facies were observed at Pahrump 
Hills (Figure 3): 

Recessively-weathering Massive Mud-
stone/Siltstone.  The most prevalent facies observed 
throughout the Pahrump Hills section is a slope-
forming, very fine-grained rock that appears massive 
in Mastcam and MARDI images. Individual in-situ 
grains are not resolvable in MAHLI images of brushed 
exposures, which suggests that the grain size of this 
facies is less than ~50 µm, or 2.5x the maximum 
MAHLI resolution achieved at a 3.9 cm working dis-
tance. Accordingly, this facies is likely composed of 
clay (<4 µm) to silt-sized (<30-60 µm) particles, but in 
unknown proportions.  

Recessively-weathering Parallel Laminated Mud-
stone/Siltstone. Interbedded within the massive mud-
stone/siltstone facies are very fine-grained intervals 
exhibiting mm-scale, parallel laminae. Individual lam-
inae are laterally continuous and traceable on the dec-
imeter to meter scale. In the vicinity of Shoemaker, 
Alexander Hills, and Chinle, the laminae are distinctly 
rhythmic in appearance. Inclined parallel laminae are 
observed near Pink Cliffs and Alexander Hills, alt-
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Introduction: Geochemical data for both rocks and 

soils from Gale Crater, and Gusev Crater, are compared 

here with data from the Gamma Ray Spectrometer 

(GRS) experiment on the Mars Odyssey Spacecraft [1, 

2]. Both Gale and Gusev craters are located near the di-

chotomy boundary between the Noachian Highlands 

and the younger volcanics and transitional units to the 

north (Fig. 1). Element ratios in these samples may pro-

vide a link between the regional provinces analyzed by 

GRS and the materials at the two landing sites. The lith-

ophile data may lead to a better understanding of the 

origin and evolution of the martian crust in this region 

of Mars, while the volatile element components SO3, Cl, 

and water provide information on volcanic aerosols, 

weathering processes and potentially recent climate [3]. 

Fig. 1 – Portion of the Mars Global Geologic map with 

arrows showing Gale (West) and Gusev (East) craters on the 

dichotomy boundary.  See Fig. 2 for scale and reference. 

 
Geochemical components and normalization: 

Comparing the chemistry of Gale and Gusev samples 

with other martian data must take into account the dif-

ferent geochemical components in the samples. The 

most important distinction is between the lithophile el-

ements including Al, Si, Fe, Mn, Ca, Na, Mg, etc. that 

represents the rock component, and  the volatile ele-

ments including H, C, Cl, S, that represent later external 

input to the soils and rocks. Normalization to SiO2, pro-

vides a way to correct the lithophile elements for varia-

ble amounts of the mobile element component, mainly 

sulfur, chlorine and water. 

 

 

Fig. 2 – Areas with distinctive GRS signatures based on 5 

x 5 degree binned data.  

Fig. 3 – CaO/SiO2 vs. FeO/SiO2 data for areas near Gale 

and Gusev Craters (Fig. 2) with distinctive GRS signatures. 

 
Regional trends from GRS: The GRS composi-

tions reflect the integrated abundances to a depth of ~ 

0.5 m, but the instrument is not collimated, and ~ 50% 

of the received gamma rays come from an area ten de-

grees in diameter on the surface below the instrument 

[4]. Thus most of the signal from each 5 degree binned 

data used in this study comes from outside the nominal 

area represented by the data. Because Gale and Gusev 

craters are only ~ 3 degrees in diameter, there is no way 

to get their unique GRS signatures. Therefore, because 

the two landing sites are on the dichotomy boundary, 

Example of GRS 10 degree “pixel” 
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GRAIN SIZE ANALYSIS WITH SIMULATION OF DIGITAL IMAGES FROM MARS SCIENCE 

LABORATORY TESTBED IMAGERS.  B. M. Ha1 , A. J. W
illiams2 , H. Newsom1 , W. Rapin3 , O. Gasnault4 , R. C. 

Wiens5 , 1 Univ. New Mexico, Albuquerque, NM, (beth3ha@unm.edu), 2 Univ. Maryland Baltimore County/NASA 

Goddard Space Flight Center, Greenbelt, MD, 3 Univ. Toulouse, Toulouse, France, 4 Institut de Recherche en 

Astrophysique et Planétologie, Toulouse, France, 5 Los Alamos National Laboratory, Los Alamos, NM.  

Introduction: The Mars Science Laboratory 

(MSL) rover, Curiosity, landed on Mars in August 

2012 with the goal of assessing the past or present 

habitability of an environment in Gale Crater. To 

assess the habitability of these modern and ancient 

environments, MSL carries a suite of instruments 

capable of exploring preserved geologic features that 

may represent habitable environments. This instrument 

suite contains several science camera systems which 

have been used to gain a better understanding of the 

depositional environments in Gale Crater. Recently, 

fluvial and lacustrine deposits 
on Mars have been 

identified as past habitable environments [1]. Part of 

this identific
ation includes characterizing the 

distrib
ution of grain sizes in sedimentary deposits, 

which informs the interpretation of the depositional 

environment. It 
is im

portant to explore the limitations 

on grain size resolution with these cameras, as it 

directly affects the accurate measurement of grains and 

interpretation of depositional environments. T
his stu

dy 

determines the accuracy at which grains in terrestrial 

sedimentary rocks can be identified and measured 

under variable sun angles, and compares results to
 the 

resolution capability of the ChemCam remote micro-

imager (RMI). Compared to the RMI camera, the 

remote cameras (Mast Camera and Navigation 

Camera) that are also used for grain analysis on the 

rover have a lower resolution. Previous studies have 

demonstrated that the RMI camera is a
 useful tool to 

remotely characterize sedimentary deposits [
2]. 

!

 

Fig. 1. Laboratory DSLR image of a coarse sandstone. 

Data Collection Methods: Six samples from the 

Abo Formation were collected in New Mexico, USA. 

The Abo Formation is comprised of fluvial mudstones, 

sandstones, and conglomerates deposited in a low-

gradient alluvial plain in the Permian [3]. Using a high 

resolution digital single-lens reflex (DSLR) camera 

(Nikon D3200 and a Nikkor 18-55 mm lens), im
ages 

were acquired of each sample with simulated sun 

angles of 30º, 45º, and 60º. Grain size and area were 

measured using ImageJ software [4]. The area and 

length (longest visible axis) o
f each grain in a selected 

500 mm2  area were measured and recorded. Grain 

sizes were binned according to the Wentworth scale [5] 

(pebble=4-64 mm, granule=2-4 mm, very coarse 

sand=1-2 mm, coarse sand=0.5-1 mm, medium 

sand=0.25-0.5 mm, fine sand=0.625-0.25 mm, very 

fine sand=0.0625-0.625 mm, silt 
=0.0039-0.0625 mm). 

Accurate grain measurement can be difficult for very 

small grain sizes. Pixelation can blur grain edges and 

grains sm
aller than the pixel size are not resolvable [6]. 

Additionally, two dimensional grain analysis is
 known 

to overestimate particle size in small grains (35 - 140 

µm/pixel; [7]). T
o reduce possible error in grain size 

measurements, we required measured grains in the 

study be composed of at least 5 pixels (as in [8]). 

!

 

Fig. 2. Testbed RMI image of a coarse sandstone. 

To simulate RMI imaging capabilitie
s, tw

o samples 

(Figs 1, 3) were imaged by the RMI testbed imager, an 

identical copy of the RMI on Mars, at the Institute for 

Research in Astrophysics and Planetology in Toulouse, 

France (Figs. 2, 4). The grains in these black and white 

images were measured for area and length, and 

compared to the DSLR color images. The RMI is u
sed 
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Introduction: Geochemical data for both rocks and 

soils from Gale Crater, and Gusev Crater, are compared 

here with data from the Gamma Ray Spectrometer 

(GRS) experiment on the Mars Odyssey Spacecraft [1, 

2]. Both Gale and Gusev craters are located near the di-

chotomy boundary between the Noachian Highlands 

and the younger volcanics and transitional units to the 

north (Fig. 1). Element ratios in these samples may pro-

vide a link between the regional provinces analyzed by 

GRS and the materials at the two landing sites. The lith-

ophile data may lead to a better understanding of the 

origin and evolution of the martian crust in this region 

of Mars, while the volatile element components SO3, Cl, 

and water provide information on volcanic aerosols, 

weathering processes and potentially recent climate [3]. 

Fig. 1 – Portion of the Mars Global Geologic map with 

arrows showing Gale (West) and Gusev (East) craters on the 

dichotomy boundary.  See Fig. 2 for scale and reference. 

 
Geochemical components and normalization: 

Comparing the chemistry of Gale and Gusev samples 

with other martian data must take into account the dif-

ferent geochemical components in the samples. The 

most important distinction is between the lithophile el-

ements including Al, Si, Fe, Mn, Ca, Na, Mg, etc. that 

represents the rock component, and  the volatile ele-

ments including H, C, Cl, S, that represent later external 

input to the soils and rocks. Normalization to SiO2, pro-

vides a way to correct the lithophile elements for varia-

ble amounts of the mobile element component, mainly 

sulfur, chlorine and water. 

 

 

Fig. 2 – Areas with distinctive GRS signatures based on 5 

x 5 degree binned data.  

Fig. 3 – CaO/SiO2 vs. FeO/SiO2 data for areas near Gale 

and Gusev Craters (Fig. 2) with distinctive GRS signatures. 

 
Regional trends from GRS: The GRS composi-

tions reflect the integrated abundances to a depth of ~ 

0.5 m, but the instrument is not collimated, and ~ 50% 

of the received gamma rays come from an area ten de-

grees in diameter on the surface below the instrument 

[4]. Thus most of the signal from each 5 degree binned 

data used in this study comes from outside the nominal 

area represented by the data. Because Gale and Gusev 

craters are only ~ 3 degrees in diameter, there is no way 

to get their unique GRS signatures. Therefore, because 

the two landing sites are on the dichotomy boundary, 

Example of GRS 10 degree “pixel” 
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Introduction:  In September 2014, the Mars Sci-

ence Laboratory Curiosity rover arrived at the 
Pahrump Hills outcrop after an 8 km traverse from 
Yellowknife Bay. Geologic mapping of high-
resolution orbital images from the HiRISE camera 
suggests that the Pahrump Hills outcrop is Curiosity’s 
first encounter with the Murray formation, the informal 
designation for strata recognized as lower Mount Sharp 
(Figure 1). This study presents an overview of the Cu-
riosity rover team’s investigation of Pahrump Hills and 
provides the stratigraphic context and depositional 
interpretation for sedimentary facies and diagenetic 
textures observed at this outcrop.  

 
Figure 1. Location of the Pahrump Hills outcrop (yellow star) shown 
in HiRISE and on a HiRISE digital terrain model (inset).   
 

The Curiosity Rover Team’s Investigation at 
Pahrump Hills: After completing sample acquisition 
and analysis at the Confidence Hills drill site at the 
base of Pahrump Hills [1], Curiosity began the first of 
two traverses up the ~12 m thick Pahrump Hills sec-
tion (Figure 2). During the first traverse, only the re-
mote science instruments (ChemCam, Mastcam, and 
MARDI) were used to quickly and efficiently charac-
terize the section [2-4]. Several outcrops were then 
examined during a second traverse using Curiosity’s 
dust removal tool (DRT) and contact science instru-
ments (MAHLI and APXS) [5,6]. Using observations 
acquired during the two traverses from the Mastcam, 
MARDI, and MAHLI cameras localized to HiRISE 

DTM and Navcam stereo mesh data, a stratigraphic 
column was constructed for Pahrump Hills using ele-
vations, lithologic, and sedimentary properties (Figure 
3). 

 
Figure 2. Main outcrops visited by the Curiosity rover at the 
Pahrump Hills outcrop displayed on a Mastcam mosaic produced by 
MSSS. White dots = end of drive or mid-drive stops visited during 
traverse 1 only, red dots = outcrops examined during traverse 2, blue 
dot = Confidence Hill drill location.  
 

Sedimentary Facies at Pahrump Hills:  Five 
main sedimentary facies were observed at Pahrump 
Hills (Figure 3): 

Recessively-weathering Massive Mud-
stone/Siltstone.  The most prevalent facies observed 
throughout the Pahrump Hills section is a slope-
forming, very fine-grained rock that appears massive 
in Mastcam and MARDI images. Individual in-situ 
grains are not resolvable in MAHLI images of brushed 
exposures, which suggests that the grain size of this 
facies is less than ~50 µm, or 2.5x the maximum 
MAHLI resolution achieved at a 3.9 cm working dis-
tance. Accordingly, this facies is likely composed of 
clay (<4 µm) to silt-sized (<30-60 µm) particles, but in 
unknown proportions.  

Recessively-weathering Parallel Laminated Mud-
stone/Siltstone. Interbedded within the massive mud-
stone/siltstone facies are very fine-grained intervals 
exhibiting mm-scale, parallel laminae. Individual lam-
inae are laterally continuous and traceable on the dec-
imeter to meter scale. In the vicinity of Shoemaker, 
Alexander Hills, and Chinle, the laminae are distinctly 
rhythmic in appearance. Inclined parallel laminae are 
observed near Pink Cliffs and Alexander Hills, alt-
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Introduction: Geochemical data for both rocks and 

soils from Gale Crater, and Gusev Crater, are compared 

here with data from the Gamma Ray Spectrometer 

(GRS) experiment on the Mars Odyssey Spacecraft [1, 

2]. Both Gale and Gusev craters are located near the di-

chotomy boundary between the Noachian Highlands 

and the younger volcanics and transitional units to the 

north (Fig. 1). Element ratios in these samples may pro-

vide a link between the regional provinces analyzed by 

GRS and the materials at the two landing sites. The lith-

ophile data may lead to a better understanding of the 

origin and evolution of the martian crust in this region 

of Mars, while the volatile element components SO3, Cl, 

and water provide information on volcanic aerosols, 

weathering processes and potentially recent climate [3]. 

Fig. 1 – Portion of the Mars Global Geologic map with 

arrows showing Gale (West) and Gusev (East) craters on the 

dichotomy boundary.  See Fig. 2 for scale and reference. 

 
Geochemical components and normalization: 

Comparing the chemistry of Gale and Gusev samples 

with other martian data must take into account the dif-

ferent geochemical components in the samples. The 

most important distinction is between the lithophile el-

ements including Al, Si, Fe, Mn, Ca, Na, Mg, etc. that 

represents the rock component, and  the volatile ele-

ments including H, C, Cl, S, that represent later external 

input to the soils and rocks. Normalization to SiO2, pro-

vides a way to correct the lithophile elements for varia-

ble amounts of the mobile element component, mainly 

sulfur, chlorine and water. 

 

 

Fig. 2 – Areas with distinctive GRS signatures based on 5 

x 5 degree binned data.  

Fig. 3 – CaO/SiO2 vs. FeO/SiO2 data for areas near Gale 

and Gusev Craters (Fig. 2) with distinctive GRS signatures. 

 
Regional trends from GRS: The GRS composi-

tions reflect the integrated abundances to a depth of ~ 

0.5 m, but the instrument is not collimated, and ~ 50% 

of the received gamma rays come from an area ten de-

grees in diameter on the surface below the instrument 

[4]. Thus most of the signal from each 5 degree binned 

data used in this study comes from outside the nominal 

area represented by the data. Because Gale and Gusev 

craters are only ~ 3 degrees in diameter, there is no way 

to get their unique GRS signatures. Therefore, because 

the two landing sites are on the dichotomy boundary, 
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Introduction: The Mars Science Laboratory 

(MSL) rover, Curiosity, landed on Mars in August 

2012 with the goal of assessing the past or present 

habitability of an environment in Gale Crater. To 

assess the habitability of these modern and ancient 

environments, MSL carries a suite of instruments 

capable of exploring preserved geologic features that 

may represent habitable environments. This instrument 

suite contains several science camera systems which 

have been used to gain a better understanding of the 

depositional environments in Gale Crater. Recently, 

fluvial and lacustrine deposits 
on Mars have been 

identified as past habitable environments [1]. Part of 

this identific
ation includes characterizing the 

distrib
ution of grain sizes in sedimentary deposits, 

which informs the interpretation of the depositional 

environment. It 
is im

portant to explore the limitations 

on grain size resolution with these cameras, as it 

directly affects the accurate measurement of grains and 

interpretation of depositional environments. T
his stu

dy 

determines the accuracy at which grains in terrestrial 

sedimentary rocks can be identified and measured 

under variable sun angles, and compares results to
 the 

resolution capability of the ChemCam remote micro-

imager (RMI). Compared to the RMI camera, the 

remote cameras (Mast Camera and Navigation 

Camera) that are also used for grain analysis on the 

rover have a lower resolution. Previous studies have 

demonstrated that the RMI camera is a
 useful tool to 

remotely characterize sedimentary deposits [
2]. 

!

 

Fig. 1. Laboratory DSLR image of a coarse sandstone. 

Data Collection Methods: Six samples from the 

Abo Formation were collected in New Mexico, USA. 

The Abo Formation is comprised of fluvial mudstones, 

sandstones, and conglomerates deposited in a low-

gradient alluvial plain in the Permian [3]. Using a high 

resolution digital single-lens reflex (DSLR) camera 

(Nikon D3200 and a Nikkor 18-55 mm lens), im
ages 

were acquired of each sample with simulated sun 

angles of 30º, 45º, and 60º. Grain size and area were 

measured using ImageJ software [4]. The area and 

length (longest visible axis) o
f each grain in a selected 

500 mm2  area were measured and recorded. Grain 

sizes were binned according to the Wentworth scale [5] 

(pebble=4-64 mm, granule=2-4 mm, very coarse 

sand=1-2 mm, coarse sand=0.5-1 mm, medium 

sand=0.25-0.5 mm, fine sand=0.625-0.25 mm, very 

fine sand=0.0625-0.625 mm, silt 
=0.0039-0.0625 mm). 

Accurate grain measurement can be difficult for very 

small grain sizes. Pixelation can blur grain edges and 

grains sm
aller than the pixel size are not resolvable [6]. 

Additionally, two dimensional grain analysis is
 known 

to overestimate particle size in small grains (35 - 140 

µm/pixel; [7]). T
o reduce possible error in grain size 

measurements, we required measured grains in the 

study be composed of at least 5 pixels (as in [8]). 

!

 

Fig. 2. Testbed RMI image of a coarse sandstone. 

To simulate RMI imaging capabilitie
s, tw

o samples 

(Figs 1, 3) were imaged by the RMI testbed imager, an 

identical copy of the RMI on Mars, at the Institute for 

Research in Astrophysics and Planetology in Toulouse, 

France (Figs. 2, 4). The grains in these black and white 

images were measured for area and length, and 

compared to the DSLR color images. The RMI is u
sed 
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Introduction:  In September 2014, the Mars Sci-

ence Laboratory Curiosity rover arrived at the 
Pahrump Hills outcrop after an 8 km traverse from 
Yellowknife Bay. Geologic mapping of high-
resolution orbital images from the HiRISE camera 
suggests that the Pahrump Hills outcrop is Curiosity’s 
first encounter with the Murray formation, the informal 
designation for strata recognized as lower Mount Sharp 
(Figure 1). This study presents an overview of the Cu-
riosity rover team’s investigation of Pahrump Hills and 
provides the stratigraphic context and depositional 
interpretation for sedimentary facies and diagenetic 
textures observed at this outcrop.  

 
Figure 1. Location of the Pahrump Hills outcrop (yellow star) shown 
in HiRISE and on a HiRISE digital terrain model (inset).   
 

The Curiosity Rover Team’s Investigation at 
Pahrump Hills: After completing sample acquisition 
and analysis at the Confidence Hills drill site at the 
base of Pahrump Hills [1], Curiosity began the first of 
two traverses up the ~12 m thick Pahrump Hills sec-
tion (Figure 2). During the first traverse, only the re-
mote science instruments (ChemCam, Mastcam, and 
MARDI) were used to quickly and efficiently charac-
terize the section [2-4]. Several outcrops were then 
examined during a second traverse using Curiosity’s 
dust removal tool (DRT) and contact science instru-
ments (MAHLI and APXS) [5,6]. Using observations 
acquired during the two traverses from the Mastcam, 
MARDI, and MAHLI cameras localized to HiRISE 

DTM and Navcam stereo mesh data, a stratigraphic 
column was constructed for Pahrump Hills using ele-
vations, lithologic, and sedimentary properties (Figure 
3). 

 
Figure 2. Main outcrops visited by the Curiosity rover at the 
Pahrump Hills outcrop displayed on a Mastcam mosaic produced by 
MSSS. White dots = end of drive or mid-drive stops visited during 
traverse 1 only, red dots = outcrops examined during traverse 2, blue 
dot = Confidence Hill drill location.  
 

Sedimentary Facies at Pahrump Hills:  Five 
main sedimentary facies were observed at Pahrump 
Hills (Figure 3): 

Recessively-weathering Massive Mud-
stone/Siltstone.  The most prevalent facies observed 
throughout the Pahrump Hills section is a slope-
forming, very fine-grained rock that appears massive 
in Mastcam and MARDI images. Individual in-situ 
grains are not resolvable in MAHLI images of brushed 
exposures, which suggests that the grain size of this 
facies is less than ~50 µm, or 2.5x the maximum 
MAHLI resolution achieved at a 3.9 cm working dis-
tance. Accordingly, this facies is likely composed of 
clay (<4 µm) to silt-sized (<30-60 µm) particles, but in 
unknown proportions.  

Recessively-weathering Parallel Laminated Mud-
stone/Siltstone. Interbedded within the massive mud-
stone/siltstone facies are very fine-grained intervals 
exhibiting mm-scale, parallel laminae. Individual lam-
inae are laterally continuous and traceable on the dec-
imeter to meter scale. In the vicinity of Shoemaker, 
Alexander Hills, and Chinle, the laminae are distinctly 
rhythmic in appearance. Inclined parallel laminae are 
observed near Pink Cliffs and Alexander Hills, alt-
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Introduction: Geochemical data for both rocks and 

soils from Gale Crater, and Gusev Crater, are compared 

here with data from the Gamma Ray Spectrometer 

(GRS) experiment on the Mars Odyssey Spacecraft [1, 

2]. Both Gale and Gusev craters are located near the di-

chotomy boundary between the Noachian Highlands 

and the younger volcanics and transitional units to the 

north (Fig. 1). Element ratios in these samples may pro-

vide a link between the regional provinces analyzed by 

GRS and the materials at the two landing sites. The lith-

ophile data may lead to a better understanding of the 

origin and evolution of the martian crust in this region 

of Mars, while the volatile element components SO3, Cl, 

and water provide information on volcanic aerosols, 

weathering processes and potentially recent climate [3]. 

Fig. 1 – Portion of the Mars Global Geologic map with 

arrows showing Gale (West) and Gusev (East) craters on the 

dichotomy boundary.  See Fig. 2 for scale and reference. 

 
Geochemical components and normalization: 

Comparing the chemistry of Gale and Gusev samples 

with other martian data must take into account the dif-

ferent geochemical components in the samples. The 

most important distinction is between the lithophile el-

ements including Al, Si, Fe, Mn, Ca, Na, Mg, etc. that 

represents the rock component, and  the volatile ele-

ments including H, C, Cl, S, that represent later external 

input to the soils and rocks. Normalization to SiO2, pro-

vides a way to correct the lithophile elements for varia-

ble amounts of the mobile element component, mainly 

sulfur, chlorine and water. 

 

 

Fig. 2 – Areas with distinctive GRS signatures based on 5 

x 5 degree binned data.  

Fig. 3 – CaO/SiO2 vs. FeO/SiO2 data for areas near Gale 

and Gusev Craters (Fig. 2) with distinctive GRS signatures. 

 
Regional trends from GRS: The GRS composi-

tions reflect the integrated abundances to a depth of ~ 

0.5 m, but the instrument is not collimated, and ~ 50% 

of the received gamma rays come from an area ten de-

grees in diameter on the surface below the instrument 

[4]. Thus most of the signal from each 5 degree binned 

data used in this study comes from outside the nominal 

area represented by the data. Because Gale and Gusev 

craters are only ~ 3 degrees in diameter, there is no way 

to get their unique GRS signatures. Therefore, because 

the two landing sites are on the dichotomy boundary, 
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Introduction: The Mars Science Laboratory 

(MSL) rover, Curiosity, landed on Mars in August 

2012 with the goal of assessing the past or present 

habitability of an environment in Gale Crater. To 

assess the habitability of these modern and ancient 

environments, MSL carries a suite of instruments 

capable of exploring preserved geologic features that 

may represent habitable environments. This instrument 

suite contains several science camera systems which 

have been used to gain a better understanding of the 

depositional environments in Gale Crater. Recently, 

fluvial and lacustrine deposits 
on Mars have been 

identified as past habitable environments [1]. Part of 

this identific
ation includes characterizing the 

distrib
ution of grain sizes in sedimentary deposits, 

which informs the interpretation of the depositional 

environment. It 
is im

portant to explore the limitations 

on grain size resolution with these cameras, as it 

directly affects the accurate measurement of grains and 

interpretation of depositional environments. T
his stu

dy 

determines the accuracy at which grains in terrestrial 

sedimentary rocks can be identified and measured 

under variable sun angles, and compares results to
 the 

resolution capability of the ChemCam remote micro-

imager (RMI). Compared to the RMI camera, the 

remote cameras (Mast Camera and Navigation 

Camera) that are also used for grain analysis on the 

rover have a lower resolution. Previous studies have 

demonstrated that the RMI camera is a
 useful tool to 

remotely characterize sedimentary deposits [
2]. 

!

 

Fig. 1. Laboratory DSLR image of a coarse sandstone. 

Data Collection Methods: Six samples from the 

Abo Formation were collected in New Mexico, USA. 

The Abo Formation is comprised of fluvial mudstones, 

sandstones, and conglomerates deposited in a low-

gradient alluvial plain in the Permian [3]. Using a high 

resolution digital single-lens reflex (DSLR) camera 

(Nikon D3200 and a Nikkor 18-55 mm lens), im
ages 

were acquired of each sample with simulated sun 

angles of 30º, 45º, and 60º. Grain size and area were 

measured using ImageJ software [4]. The area and 

length (longest visible axis) o
f each grain in a selected 

500 mm2  area were measured and recorded. Grain 

sizes were binned according to the Wentworth scale [5] 

(pebble=4-64 mm, granule=2-4 mm, very coarse 

sand=1-2 mm, coarse sand=0.5-1 mm, medium 

sand=0.25-0.5 mm, fine sand=0.625-0.25 mm, very 

fine sand=0.0625-0.625 mm, silt 
=0.0039-0.0625 mm). 

Accurate grain measurement can be difficult for very 

small grain sizes. Pixelation can blur grain edges and 

grains sm
aller than the pixel size are not resolvable [6]. 

Additionally, two dimensional grain analysis is
 known 

to overestimate particle size in small grains (35 - 140 

µm/pixel; [7]). T
o reduce possible error in grain size 

measurements, we required measured grains in the 

study be composed of at least 5 pixels (as in [8]). 

!

 

Fig. 2. Testbed RMI image of a coarse sandstone. 

To simulate RMI imaging capabilitie
s, tw

o samples 

(Figs 1, 3) were imaged by the RMI testbed imager, an 

identical copy of the RMI on Mars, at the Institute for 

Research in Astrophysics and Planetology in Toulouse, 

France (Figs. 2, 4). The grains in these black and white 

images were measured for area and length, and 

compared to the DSLR color images. The RMI is u
sed 

2201
.pdf

46th Lunar and Planetary Science Conference (2015)

SEDIMENTOLOGY AND STRATIGRAPHY OF THE PAHRUMP HILLS OUTCROP, LOWER MOUNT 
SHARP, GALE CRATER, MARS.  K. M. Stack1, J. P. Grotzinger2, S. Gupta3, L. C. Kah4, K. W. Lewis,5 M. J. 
McBride6, M. E. Minitti7, D. M. Rubin8, J. Schieber9, D. Y. Sumner10, L. M. Thompson11, J. Van Beek6, A. R. 
Vasavada1, R. A. Yingst7. 1Jet Propulsion Laboratory, California Institute of Technology, 4800 Oak Grove Drive, 
Pasadena, CA 91109 (kathryn.m.stack@jpl.nasa.gov), 2California Institute of Technology, Pasadena, CA, 3Imperial 
College, London, UK, 4University of Tennessee, Knoxville, TN, 5Johns Hopkins University, Baltimore, MD, 6Malin 
Space Science Systems, San Diego, CA, 7Planetary Science Institute, Tucson, AZ, 8UC Santa Cruz, Santa Cruz, CA, 
9Indiana University, Bloomington, IN, 10UC Davis, Davis, CA, 11University of New Brunswick, Fredericton, NB, 
Canada. 

 
 
Introduction:  In September 2014, the Mars Sci-

ence Laboratory Curiosity rover arrived at the 
Pahrump Hills outcrop after an 8 km traverse from 
Yellowknife Bay. Geologic mapping of high-
resolution orbital images from the HiRISE camera 
suggests that the Pahrump Hills outcrop is Curiosity’s 
first encounter with the Murray formation, the informal 
designation for strata recognized as lower Mount Sharp 
(Figure 1). This study presents an overview of the Cu-
riosity rover team’s investigation of Pahrump Hills and 
provides the stratigraphic context and depositional 
interpretation for sedimentary facies and diagenetic 
textures observed at this outcrop.  

 
Figure 1. Location of the Pahrump Hills outcrop (yellow star) shown 
in HiRISE and on a HiRISE digital terrain model (inset).   
 

The Curiosity Rover Team’s Investigation at 
Pahrump Hills: After completing sample acquisition 
and analysis at the Confidence Hills drill site at the 
base of Pahrump Hills [1], Curiosity began the first of 
two traverses up the ~12 m thick Pahrump Hills sec-
tion (Figure 2). During the first traverse, only the re-
mote science instruments (ChemCam, Mastcam, and 
MARDI) were used to quickly and efficiently charac-
terize the section [2-4]. Several outcrops were then 
examined during a second traverse using Curiosity’s 
dust removal tool (DRT) and contact science instru-
ments (MAHLI and APXS) [5,6]. Using observations 
acquired during the two traverses from the Mastcam, 
MARDI, and MAHLI cameras localized to HiRISE 

DTM and Navcam stereo mesh data, a stratigraphic 
column was constructed for Pahrump Hills using ele-
vations, lithologic, and sedimentary properties (Figure 
3). 

 
Figure 2. Main outcrops visited by the Curiosity rover at the 
Pahrump Hills outcrop displayed on a Mastcam mosaic produced by 
MSSS. White dots = end of drive or mid-drive stops visited during 
traverse 1 only, red dots = outcrops examined during traverse 2, blue 
dot = Confidence Hill drill location.  
 

Sedimentary Facies at Pahrump Hills:  Five 
main sedimentary facies were observed at Pahrump 
Hills (Figure 3): 

Recessively-weathering Massive Mud-
stone/Siltstone.  The most prevalent facies observed 
throughout the Pahrump Hills section is a slope-
forming, very fine-grained rock that appears massive 
in Mastcam and MARDI images. Individual in-situ 
grains are not resolvable in MAHLI images of brushed 
exposures, which suggests that the grain size of this 
facies is less than ~50 µm, or 2.5x the maximum 
MAHLI resolution achieved at a 3.9 cm working dis-
tance. Accordingly, this facies is likely composed of 
clay (<4 µm) to silt-sized (<30-60 µm) particles, but in 
unknown proportions.  

Recessively-weathering Parallel Laminated Mud-
stone/Siltstone. Interbedded within the massive mud-
stone/siltstone facies are very fine-grained intervals 
exhibiting mm-scale, parallel laminae. Individual lam-
inae are laterally continuous and traceable on the dec-
imeter to meter scale. In the vicinity of Shoemaker, 
Alexander Hills, and Chinle, the laminae are distinctly 
rhythmic in appearance. Inclined parallel laminae are 
observed near Pink Cliffs and Alexander Hills, alt-
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Introduction: Geochemical data for both rocks and 

soils from Gale Crater, and Gusev Crater, are compared 

here with data from the Gamma Ray Spectrometer 

(GRS) experiment on the Mars Odyssey Spacecraft [1, 

2]. Both Gale and Gusev craters are located near the di-

chotomy boundary between the Noachian Highlands 

and the younger volcanics and transitional units to the 

north (Fig. 1). Element ratios in these samples may pro-

vide a link between the regional provinces analyzed by 

GRS and the materials at the two landing sites. The lith-

ophile data may lead to a better understanding of the 

origin and evolution of the martian crust in this region 

of Mars, while the volatile element components SO3, Cl, 

and water provide information on volcanic aerosols, 

weathering processes and potentially recent climate [3]. 

Fig. 1 – Portion of the Mars Global Geologic map with 

arrows showing Gale (West) and Gusev (East) craters on the 

dichotomy boundary.  See Fig. 2 for scale and reference. 

 
Geochemical components and normalization: 

Comparing the chemistry of Gale and Gusev samples 

with other martian data must take into account the dif-

ferent geochemical components in the samples. The 

most important distinction is between the lithophile el-

ements including Al, Si, Fe, Mn, Ca, Na, Mg, etc. that 

represents the rock component, and  the volatile ele-

ments including H, C, Cl, S, that represent later external 

input to the soils and rocks. Normalization to SiO2, pro-

vides a way to correct the lithophile elements for varia-

ble amounts of the mobile element component, mainly 

sulfur, chlorine and water. 

 

 

Fig. 2 – Areas with distinctive GRS signatures based on 5 

x 5 degree binned data.  

Fig. 3 – CaO/SiO2 vs. FeO/SiO2 data for areas near Gale 

and Gusev Craters (Fig. 2) with distinctive GRS signatures. 

 
Regional trends from GRS: The GRS composi-

tions reflect the integrated abundances to a depth of ~ 

0.5 m, but the instrument is not collimated, and ~ 50% 

of the received gamma rays come from an area ten de-

grees in diameter on the surface below the instrument 

[4]. Thus most of the signal from each 5 degree binned 

data used in this study comes from outside the nominal 

area represented by the data. Because Gale and Gusev 

craters are only ~ 3 degrees in diameter, there is no way 

to get their unique GRS signatures. Therefore, because 

the two landing sites are on the dichotomy boundary, 

Example of GRS 10 degree “pixel” 
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Introduction: The Mars Science Laboratory 

(MSL) rover, Curiosity, landed on Mars in August 

2012 with the goal of assessing the past or present 

habitability of an environment in Gale Crater. To 

assess the habitability of these modern and ancient 

environments, MSL carries a suite of instruments 

capable of exploring preserved geologic features that 

may represent habitable environments. This instrument 

suite contains several science camera systems which 

have been used to gain a better understanding of the 

depositional environments in Gale Crater. Recently, 

fluvial and lacustrine deposits 
on Mars have been 

identified as past habitable environments [1]. Part of 

this identific
ation includes characterizing the 

distrib
ution of grain sizes in sedimentary deposits, 

which informs the interpretation of the depositional 

environment. It 
is im

portant to explore the limitations 

on grain size resolution with these cameras, as it 

directly affects the accurate measurement of grains and 

interpretation of depositional environments. T
his stu

dy 

determines the accuracy at which grains in terrestrial 

sedimentary rocks can be identified and measured 

under variable sun angles, and compares results to
 the 

resolution capability of the ChemCam remote micro-

imager (RMI). Compared to the RMI camera, the 

remote cameras (Mast Camera and Navigation 

Camera) that are also used for grain analysis on the 

rover have a lower resolution. Previous studies have 

demonstrated that the RMI camera is a
 useful tool to 

remotely characterize sedimentary deposits [
2]. 

!

 

Fig. 1. Laboratory DSLR image of a coarse sandstone. 

Data Collection Methods: Six samples from the 

Abo Formation were collected in New Mexico, USA. 

The Abo Formation is comprised of fluvial mudstones, 

sandstones, and conglomerates deposited in a low-

gradient alluvial plain in the Permian [3]. Using a high 

resolution digital single-lens reflex (DSLR) camera 

(Nikon D3200 and a Nikkor 18-55 mm lens), im
ages 

were acquired of each sample with simulated sun 

angles of 30º, 45º, and 60º. Grain size and area were 

measured using ImageJ software [4]. The area and 

length (longest visible axis) o
f each grain in a selected 

500 mm2  area were measured and recorded. Grain 

sizes were binned according to the Wentworth scale [5] 

(pebble=4-64 mm, granule=2-4 mm, very coarse 

sand=1-2 mm, coarse sand=0.5-1 mm, medium 

sand=0.25-0.5 mm, fine sand=0.625-0.25 mm, very 

fine sand=0.0625-0.625 mm, silt 
=0.0039-0.0625 mm). 

Accurate grain measurement can be difficult for very 

small grain sizes. Pixelation can blur grain edges and 

grains sm
aller than the pixel size are not resolvable [6]. 

Additionally, two dimensional grain analysis is
 known 

to overestimate particle size in small grains (35 - 140 

µm/pixel; [7]). T
o reduce possible error in grain size 

measurements, we required measured grains in the 

study be composed of at least 5 pixels (as in [8]). 

!

 

Fig. 2. Testbed RMI image of a coarse sandstone. 

To simulate RMI imaging capabilitie
s, tw

o samples 

(Figs 1, 3) were imaged by the RMI testbed imager, an 

identical copy of the RMI on Mars, at the Institute for 

Research in Astrophysics and Planetology in Toulouse, 

France (Figs. 2, 4). The grains in these black and white 

images were measured for area and length, and 

compared to the DSLR color images. The RMI is u
sed 
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Introduction:  In September 2014, the Mars Sci-

ence Laboratory Curiosity rover arrived at the 
Pahrump Hills outcrop after an 8 km traverse from 
Yellowknife Bay. Geologic mapping of high-
resolution orbital images from the HiRISE camera 
suggests that the Pahrump Hills outcrop is Curiosity’s 
first encounter with the Murray formation, the informal 
designation for strata recognized as lower Mount Sharp 
(Figure 1). This study presents an overview of the Cu-
riosity rover team’s investigation of Pahrump Hills and 
provides the stratigraphic context and depositional 
interpretation for sedimentary facies and diagenetic 
textures observed at this outcrop.  

 
Figure 1. Location of the Pahrump Hills outcrop (yellow star) shown 
in HiRISE and on a HiRISE digital terrain model (inset).   
 

The Curiosity Rover Team’s Investigation at 
Pahrump Hills: After completing sample acquisition 
and analysis at the Confidence Hills drill site at the 
base of Pahrump Hills [1], Curiosity began the first of 
two traverses up the ~12 m thick Pahrump Hills sec-
tion (Figure 2). During the first traverse, only the re-
mote science instruments (ChemCam, Mastcam, and 
MARDI) were used to quickly and efficiently charac-
terize the section [2-4]. Several outcrops were then 
examined during a second traverse using Curiosity’s 
dust removal tool (DRT) and contact science instru-
ments (MAHLI and APXS) [5,6]. Using observations 
acquired during the two traverses from the Mastcam, 
MARDI, and MAHLI cameras localized to HiRISE 

DTM and Navcam stereo mesh data, a stratigraphic 
column was constructed for Pahrump Hills using ele-
vations, lithologic, and sedimentary properties (Figure 
3). 

 
Figure 2. Main outcrops visited by the Curiosity rover at the 
Pahrump Hills outcrop displayed on a Mastcam mosaic produced by 
MSSS. White dots = end of drive or mid-drive stops visited during 
traverse 1 only, red dots = outcrops examined during traverse 2, blue 
dot = Confidence Hill drill location.  
 

Sedimentary Facies at Pahrump Hills:  Five 
main sedimentary facies were observed at Pahrump 
Hills (Figure 3): 

Recessively-weathering Massive Mud-
stone/Siltstone.  The most prevalent facies observed 
throughout the Pahrump Hills section is a slope-
forming, very fine-grained rock that appears massive 
in Mastcam and MARDI images. Individual in-situ 
grains are not resolvable in MAHLI images of brushed 
exposures, which suggests that the grain size of this 
facies is less than ~50 µm, or 2.5x the maximum 
MAHLI resolution achieved at a 3.9 cm working dis-
tance. Accordingly, this facies is likely composed of 
clay (<4 µm) to silt-sized (<30-60 µm) particles, but in 
unknown proportions.  

Recessively-weathering Parallel Laminated Mud-
stone/Siltstone. Interbedded within the massive mud-
stone/siltstone facies are very fine-grained intervals 
exhibiting mm-scale, parallel laminae. Individual lam-
inae are laterally continuous and traceable on the dec-
imeter to meter scale. In the vicinity of Shoemaker, 
Alexander Hills, and Chinle, the laminae are distinctly 
rhythmic in appearance. Inclined parallel laminae are 
observed near Pink Cliffs and Alexander Hills, alt-
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Introduction: Geochemical data for both rocks and 

soils from Gale Crater, and Gusev Crater, are compared 

here with data from the Gamma Ray Spectrometer 

(GRS) experiment on the Mars Odyssey Spacecraft [1, 

2]. Both Gale and Gusev craters are located near the di-

chotomy boundary between the Noachian Highlands 

and the younger volcanics and transitional units to the 

north (Fig. 1). Element ratios in these samples may pro-

vide a link between the regional provinces analyzed by 

GRS and the materials at the two landing sites. The lith-

ophile data may lead to a better understanding of the 

origin and evolution of the martian crust in this region 

of Mars, while the volatile element components SO3, Cl, 

and water provide information on volcanic aerosols, 

weathering processes and potentially recent climate [3]. 

Fig. 1 – Portion of the Mars Global Geologic map with 

arrows showing Gale (West) and Gusev (East) craters on the 

dichotomy boundary.  See Fig. 2 for scale and reference. 

 
Geochemical components and normalization: 

Comparing the chemistry of Gale and Gusev samples 

with other martian data must take into account the dif-

ferent geochemical components in the samples. The 

most important distinction is between the lithophile el-

ements including Al, Si, Fe, Mn, Ca, Na, Mg, etc. that 

represents the rock component, and  the volatile ele-

ments including H, C, Cl, S, that represent later external 

input to the soils and rocks. Normalization to SiO2, pro-

vides a way to correct the lithophile elements for varia-

ble amounts of the mobile element component, mainly 

sulfur, chlorine and water. 

 

 

Fig. 2 – Areas with distinctive GRS signatures based on 5 

x 5 degree binned data.  

Fig. 3 – CaO/SiO2 vs. FeO/SiO2 data for areas near Gale 

and Gusev Craters (Fig. 2) with distinctive GRS signatures. 

 
Regional trends from GRS: The GRS composi-

tions reflect the integrated abundances to a depth of ~ 

0.5 m, but the instrument is not collimated, and ~ 50% 

of the received gamma rays come from an area ten de-

grees in diameter on the surface below the instrument 

[4]. Thus most of the signal from each 5 degree binned 

data used in this study comes from outside the nominal 

area represented by the data. Because Gale and Gusev 

craters are only ~ 3 degrees in diameter, there is no way 

to get their unique GRS signatures. Therefore, because 

the two landing sites are on the dichotomy boundary, 

Example of GRS 10 degree “pixel” 
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Introduction: The Mars Science Laboratory 

(MSL) rover, Curiosity, landed on Mars in August 

2012 with the goal of assessing the past or present 

habitability of an environment in Gale Crater. To 

assess the habitability of these modern and ancient 

environments, MSL carries a suite of instruments 

capable of exploring preserved geologic features that 

may represent habitable environments. This instrument 

suite contains several science camera systems which 

have been used to gain a better understanding of the 

depositional environments in Gale Crater. Recently, 

fluvial and lacustrine deposits 
on Mars have been 

identified as past habitable environments [1]. Part of 

this identific
ation includes characterizing the 

distrib
ution of grain sizes in sedimentary deposits, 

which informs the interpretation of the depositional 

environment. It 
is im

portant to explore the limitations 

on grain size resolution with these cameras, as it 

directly affects the accurate measurement of grains and 

interpretation of depositional environments. T
his stu

dy 

determines the accuracy at which grains in terrestrial 

sedimentary rocks can be identified and measured 

under variable sun angles, and compares results to
 the 

resolution capability of the ChemCam remote micro-

imager (RMI). Compared to the RMI camera, the 

remote cameras (Mast Camera and Navigation 

Camera) that are also used for grain analysis on the 

rover have a lower resolution. Previous studies have 

demonstrated that the RMI camera is a
 useful tool to 

remotely characterize sedimentary deposits [
2]. 

!

 

Fig. 1. Laboratory DSLR image of a coarse sandstone. 

Data Collection Methods: Six samples from the 

Abo Formation were collected in New Mexico, USA. 

The Abo Formation is comprised of fluvial mudstones, 

sandstones, and conglomerates deposited in a low-

gradient alluvial plain in the Permian [3]. Using a high 

resolution digital single-lens reflex (DSLR) camera 

(Nikon D3200 and a Nikkor 18-55 mm lens), im
ages 

were acquired of each sample with simulated sun 

angles of 30º, 45º, and 60º. Grain size and area were 

measured using ImageJ software [4]. The area and 

length (longest visible axis) o
f each grain in a selected 

500 mm2  area were measured and recorded. Grain 

sizes were binned according to the Wentworth scale [5] 

(pebble=4-64 mm, granule=2-4 mm, very coarse 

sand=1-2 mm, coarse sand=0.5-1 mm, medium 

sand=0.25-0.5 mm, fine sand=0.625-0.25 mm, very 

fine sand=0.0625-0.625 mm, silt 
=0.0039-0.0625 mm). 

Accurate grain measurement can be difficult for very 

small grain sizes. Pixelation can blur grain edges and 

grains sm
aller than the pixel size are not resolvable [6]. 

Additionally, two dimensional grain analysis is
 known 

to overestimate particle size in small grains (35 - 140 

µm/pixel; [7]). T
o reduce possible error in grain size 

measurements, we required measured grains in the 

study be composed of at least 5 pixels (as in [8]). 

!

 

Fig. 2. Testbed RMI image of a coarse sandstone. 

To simulate RMI imaging capabilitie
s, tw

o samples 

(Figs 1, 3) were imaged by the RMI testbed imager, an 

identical copy of the RMI on Mars, at the Institute for 

Research in Astrophysics and Planetology in Toulouse, 

France (Figs. 2, 4). The grains in these black and white 

images were measured for area and length, and 

compared to the DSLR color images. The RMI is u
sed 
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Introduction:  In September 2014, the Mars Sci-

ence Laboratory Curiosity rover arrived at the 
Pahrump Hills outcrop after an 8 km traverse from 
Yellowknife Bay. Geologic mapping of high-
resolution orbital images from the HiRISE camera 
suggests that the Pahrump Hills outcrop is Curiosity’s 
first encounter with the Murray formation, the informal 
designation for strata recognized as lower Mount Sharp 
(Figure 1). This study presents an overview of the Cu-
riosity rover team’s investigation of Pahrump Hills and 
provides the stratigraphic context and depositional 
interpretation for sedimentary facies and diagenetic 
textures observed at this outcrop.  

 
Figure 1. Location of the Pahrump Hills outcrop (yellow star) shown 
in HiRISE and on a HiRISE digital terrain model (inset).   
 

The Curiosity Rover Team’s Investigation at 
Pahrump Hills: After completing sample acquisition 
and analysis at the Confidence Hills drill site at the 
base of Pahrump Hills [1], Curiosity began the first of 
two traverses up the ~12 m thick Pahrump Hills sec-
tion (Figure 2). During the first traverse, only the re-
mote science instruments (ChemCam, Mastcam, and 
MARDI) were used to quickly and efficiently charac-
terize the section [2-4]. Several outcrops were then 
examined during a second traverse using Curiosity’s 
dust removal tool (DRT) and contact science instru-
ments (MAHLI and APXS) [5,6]. Using observations 
acquired during the two traverses from the Mastcam, 
MARDI, and MAHLI cameras localized to HiRISE 

DTM and Navcam stereo mesh data, a stratigraphic 
column was constructed for Pahrump Hills using ele-
vations, lithologic, and sedimentary properties (Figure 
3). 

 
Figure 2. Main outcrops visited by the Curiosity rover at the 
Pahrump Hills outcrop displayed on a Mastcam mosaic produced by 
MSSS. White dots = end of drive or mid-drive stops visited during 
traverse 1 only, red dots = outcrops examined during traverse 2, blue 
dot = Confidence Hill drill location.  
 

Sedimentary Facies at Pahrump Hills:  Five 
main sedimentary facies were observed at Pahrump 
Hills (Figure 3): 

Recessively-weathering Massive Mud-
stone/Siltstone.  The most prevalent facies observed 
throughout the Pahrump Hills section is a slope-
forming, very fine-grained rock that appears massive 
in Mastcam and MARDI images. Individual in-situ 
grains are not resolvable in MAHLI images of brushed 
exposures, which suggests that the grain size of this 
facies is less than ~50 µm, or 2.5x the maximum 
MAHLI resolution achieved at a 3.9 cm working dis-
tance. Accordingly, this facies is likely composed of 
clay (<4 µm) to silt-sized (<30-60 µm) particles, but in 
unknown proportions.  

Recessively-weathering Parallel Laminated Mud-
stone/Siltstone. Interbedded within the massive mud-
stone/siltstone facies are very fine-grained intervals 
exhibiting mm-scale, parallel laminae. Individual lam-
inae are laterally continuous and traceable on the dec-
imeter to meter scale. In the vicinity of Shoemaker, 
Alexander Hills, and Chinle, the laminae are distinctly 
rhythmic in appearance. Inclined parallel laminae are 
observed near Pink Cliffs and Alexander Hills, alt-
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Introduction: Geochemical data for both rocks and 

soils from Gale Crater, and Gusev Crater, are compared 

here with data from the Gamma Ray Spectrometer 

(GRS) experiment on the Mars Odyssey Spacecraft [1, 

2]. Both Gale and Gusev craters are located near the di-

chotomy boundary between the Noachian Highlands 

and the younger volcanics and transitional units to the 

north (Fig. 1). Element ratios in these samples may pro-

vide a link between the regional provinces analyzed by 

GRS and the materials at the two landing sites. The lith-

ophile data may lead to a better understanding of the 

origin and evolution of the martian crust in this region 

of Mars, while the volatile element components SO3, Cl, 

and water provide information on volcanic aerosols, 

weathering processes and potentially recent climate [3]. 

Fig. 1 – Portion of the Mars Global Geologic map with 

arrows showing Gale (West) and Gusev (East) craters on the 

dichotomy boundary.  See Fig. 2 for scale and reference. 

 
Geochemical components and normalization: 

Comparing the chemistry of Gale and Gusev samples 

with other martian data must take into account the dif-

ferent geochemical components in the samples. The 

most important distinction is between the lithophile el-

ements including Al, Si, Fe, Mn, Ca, Na, Mg, etc. that 

represents the rock component, and  the volatile ele-

ments including H, C, Cl, S, that represent later external 

input to the soils and rocks. Normalization to SiO2, pro-

vides a way to correct the lithophile elements for varia-

ble amounts of the mobile element component, mainly 

sulfur, chlorine and water. 

 

 

Fig. 2 – Areas with distinctive GRS signatures based on 5 

x 5 degree binned data.  

Fig. 3 – CaO/SiO2 vs. FeO/SiO2 data for areas near Gale 

and Gusev Craters (Fig. 2) with distinctive GRS signatures. 

 
Regional trends from GRS: The GRS composi-

tions reflect the integrated abundances to a depth of ~ 

0.5 m, but the instrument is not collimated, and ~ 50% 

of the received gamma rays come from an area ten de-

grees in diameter on the surface below the instrument 

[4]. Thus most of the signal from each 5 degree binned 

data used in this study comes from outside the nominal 

area represented by the data. Because Gale and Gusev 

craters are only ~ 3 degrees in diameter, there is no way 

to get their unique GRS signatures. Therefore, because 

the two landing sites are on the dichotomy boundary, 

Example of GRS 10 degree “pixel” 
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Introduction: The Mars Science Laboratory 

(MSL) rover, Curiosity, landed on Mars in August 

2012 with the goal of assessing the past or present 

habitability of an environment in Gale Crater. To 

assess the habitability of these modern and ancient 

environments, MSL carries a suite of instruments 

capable of exploring preserved geologic features that 

may represent habitable environments. This instrument 

suite contains several science camera systems which 

have been used to gain a better understanding of the 

depositional environments in Gale Crater. Recently, 

fluvial and lacustrine deposits 
on Mars have been 

identified as past habitable environments [1]. Part of 

this identific
ation includes characterizing the 

distrib
ution of grain sizes in sedimentary deposits, 

which informs the interpretation of the depositional 

environment. It 
is im

portant to explore the limitations 

on grain size resolution with these cameras, as it 

directly affects the accurate measurement of grains and 

interpretation of depositional environments. T
his stu

dy 

determines the accuracy at which grains in terrestrial 

sedimentary rocks can be identified and measured 

under variable sun angles, and compares results to
 the 

resolution capability of the ChemCam remote micro-

imager (RMI). Compared to the RMI camera, the 

remote cameras (Mast Camera and Navigation 

Camera) that are also used for grain analysis on the 

rover have a lower resolution. Previous studies have 

demonstrated that the RMI camera is a
 useful tool to 

remotely characterize sedimentary deposits [
2]. 

!

 

Fig. 1. Laboratory DSLR image of a coarse sandstone. 

Data Collection Methods: Six samples from the 

Abo Formation were collected in New Mexico, USA. 

The Abo Formation is comprised of fluvial mudstones, 

sandstones, and conglomerates deposited in a low-

gradient alluvial plain in the Permian [3]. Using a high 

resolution digital single-lens reflex (DSLR) camera 

(Nikon D3200 and a Nikkor 18-55 mm lens), im
ages 

were acquired of each sample with simulated sun 

angles of 30º, 45º, and 60º. Grain size and area were 

measured using ImageJ software [4]. The area and 

length (longest visible axis) o
f each grain in a selected 

500 mm2  area were measured and recorded. Grain 

sizes were binned according to the Wentworth scale [5] 

(pebble=4-64 mm, granule=2-4 mm, very coarse 

sand=1-2 mm, coarse sand=0.5-1 mm, medium 

sand=0.25-0.5 mm, fine sand=0.625-0.25 mm, very 

fine sand=0.0625-0.625 mm, silt 
=0.0039-0.0625 mm). 

Accurate grain measurement can be difficult for very 

small grain sizes. Pixelation can blur grain edges and 

grains sm
aller than the pixel size are not resolvable [6]. 

Additionally, two dimensional grain analysis is
 known 

to overestimate particle size in small grains (35 - 140 

µm/pixel; [7]). T
o reduce possible error in grain size 

measurements, we required measured grains in the 

study be composed of at least 5 pixels (as in [8]). 

!

 

Fig. 2. Testbed RMI image of a coarse sandstone. 

To simulate RMI imaging capabilitie
s, tw

o samples 

(Figs 1, 3) were imaged by the RMI testbed imager, an 

identical copy of the RMI on Mars, at the Institute for 

Research in Astrophysics and Planetology in Toulouse, 

France (Figs. 2, 4). The grains in these black and white 

images were measured for area and length, and 

compared to the DSLR color images. The RMI is u
sed 
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Introduction:  In September 2014, the Mars Sci-

ence Laboratory Curiosity rover arrived at the 
Pahrump Hills outcrop after an 8 km traverse from 
Yellowknife Bay. Geologic mapping of high-
resolution orbital images from the HiRISE camera 
suggests that the Pahrump Hills outcrop is Curiosity’s 
first encounter with the Murray formation, the informal 
designation for strata recognized as lower Mount Sharp 
(Figure 1). This study presents an overview of the Cu-
riosity rover team’s investigation of Pahrump Hills and 
provides the stratigraphic context and depositional 
interpretation for sedimentary facies and diagenetic 
textures observed at this outcrop.  

 
Figure 1. Location of the Pahrump Hills outcrop (yellow star) shown 
in HiRISE and on a HiRISE digital terrain model (inset).   
 

The Curiosity Rover Team’s Investigation at 
Pahrump Hills: After completing sample acquisition 
and analysis at the Confidence Hills drill site at the 
base of Pahrump Hills [1], Curiosity began the first of 
two traverses up the ~12 m thick Pahrump Hills sec-
tion (Figure 2). During the first traverse, only the re-
mote science instruments (ChemCam, Mastcam, and 
MARDI) were used to quickly and efficiently charac-
terize the section [2-4]. Several outcrops were then 
examined during a second traverse using Curiosity’s 
dust removal tool (DRT) and contact science instru-
ments (MAHLI and APXS) [5,6]. Using observations 
acquired during the two traverses from the Mastcam, 
MARDI, and MAHLI cameras localized to HiRISE 

DTM and Navcam stereo mesh data, a stratigraphic 
column was constructed for Pahrump Hills using ele-
vations, lithologic, and sedimentary properties (Figure 
3). 

 
Figure 2. Main outcrops visited by the Curiosity rover at the 
Pahrump Hills outcrop displayed on a Mastcam mosaic produced by 
MSSS. White dots = end of drive or mid-drive stops visited during 
traverse 1 only, red dots = outcrops examined during traverse 2, blue 
dot = Confidence Hill drill location.  
 

Sedimentary Facies at Pahrump Hills:  Five 
main sedimentary facies were observed at Pahrump 
Hills (Figure 3): 

Recessively-weathering Massive Mud-
stone/Siltstone.  The most prevalent facies observed 
throughout the Pahrump Hills section is a slope-
forming, very fine-grained rock that appears massive 
in Mastcam and MARDI images. Individual in-situ 
grains are not resolvable in MAHLI images of brushed 
exposures, which suggests that the grain size of this 
facies is less than ~50 µm, or 2.5x the maximum 
MAHLI resolution achieved at a 3.9 cm working dis-
tance. Accordingly, this facies is likely composed of 
clay (<4 µm) to silt-sized (<30-60 µm) particles, but in 
unknown proportions.  

Recessively-weathering Parallel Laminated Mud-
stone/Siltstone. Interbedded within the massive mud-
stone/siltstone facies are very fine-grained intervals 
exhibiting mm-scale, parallel laminae. Individual lam-
inae are laterally continuous and traceable on the dec-
imeter to meter scale. In the vicinity of Shoemaker, 
Alexander Hills, and Chinle, the laminae are distinctly 
rhythmic in appearance. Inclined parallel laminae are 
observed near Pink Cliffs and Alexander Hills, alt-

1994.pdf46th Lunar and Planetary Science Conference (2015)

REGIONAL CONTEXT OF SOIL AND ROCK CHEMISTRY AT GALE AND GUSEV CRATERS, MARS. 

H.E. Newsom 1, S. Gordon 1, R. Jackson 1, R.C. Wiens 2, N. Lanza 2, A. Cousin 2, S. Clegg 2, V. Sautter 3, J. Bridges 4, N. Man-

gold 5, O. Gasnault 6, S. Maurice 6, C. D’Uston 6, G. Berger 6, O. Forni 6, J. Lasue 6, P.-Y. Meslin 7, B. Clark 8, R. Anderson 9, R. 

Gellert 10, M. Schmidt 11, J. Berger 11, S. McLennan 12, W. Boynton 13, M. Fisk 14; F. Martin-Torres 15, M.-P. Zorzano 16, S. 

Karunatillake17 1Inst. of Meteoritics, Univ. of New Mexico, Albuquerque, NM 87131, USA (Newsom@unm.edu); 2Los 

Alamos National Lab., NM, USA; 3MNHN, CNRS Fr; 4Univ. of Leicester, GB;  5Lab. de Planetologie et Geodynamique de 

Nantes, FR; 6IRAP/CNRS, FR; 7Univ. Paul Sabatier, Toulouse, FR; 8Planetary Science Inst., Tucson, AZ, USA;  9USGS, 

Flagstaff, AZ, USA; 10Univ. of Guelph, Canada;  11Brock Univ., Canada,  12Stony Brook Univ., NY, USA; 13Univ. of Arizona, 

AZ, USA, 14Univ. of Oregon, USA. 15Instituto Andaluz de Ciencias de la Tierra (CSIC-UGR), Granada, Spain, 16Centro de 

Astrobiología (INTA-CSIC), Madrid, Spain, 17Louisiana State Univ., LA, USA 

 
Introduction: Geochemical data for both rocks and 

soils from Gale Crater, and Gusev Crater, are compared 

here with data from the Gamma Ray Spectrometer 

(GRS) experiment on the Mars Odyssey Spacecraft [1, 

2]. Both Gale and Gusev craters are located near the di-

chotomy boundary between the Noachian Highlands 

and the younger volcanics and transitional units to the 

north (Fig. 1). Element ratios in these samples may pro-

vide a link between the regional provinces analyzed by 

GRS and the materials at the two landing sites. The lith-

ophile data may lead to a better understanding of the 

origin and evolution of the martian crust in this region 

of Mars, while the volatile element components SO3, Cl, 

and water provide information on volcanic aerosols, 

weathering processes and potentially recent climate [3]. 

Fig. 1 – Portion of the Mars Global Geologic map with 

arrows showing Gale (West) and Gusev (East) craters on the 

dichotomy boundary.  See Fig. 2 for scale and reference. 

 
Geochemical components and normalization: 

Comparing the chemistry of Gale and Gusev samples 

with other martian data must take into account the dif-

ferent geochemical components in the samples. The 

most important distinction is between the lithophile el-

ements including Al, Si, Fe, Mn, Ca, Na, Mg, etc. that 

represents the rock component, and  the volatile ele-

ments including H, C, Cl, S, that represent later external 

input to the soils and rocks. Normalization to SiO2, pro-

vides a way to correct the lithophile elements for varia-

ble amounts of the mobile element component, mainly 

sulfur, chlorine and water. 

 

 

Fig. 2 – Areas with distinctive GRS signatures based on 5 

x 5 degree binned data.  

Fig. 3 – CaO/SiO2 vs. FeO/SiO2 data for areas near Gale 

and Gusev Craters (Fig. 2) with distinctive GRS signatures. 

 
Regional trends from GRS: The GRS composi-

tions reflect the integrated abundances to a depth of ~ 

0.5 m, but the instrument is not collimated, and ~ 50% 

of the received gamma rays come from an area ten de-

grees in diameter on the surface below the instrument 

[4]. Thus most of the signal from each 5 degree binned 

data used in this study comes from outside the nominal 

area represented by the data. Because Gale and Gusev 

craters are only ~ 3 degrees in diameter, there is no way 

to get their unique GRS signatures. Therefore, because 

the two landing sites are on the dichotomy boundary, 

Example of GRS 10 degree “pixel” 
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Introduction: The Mars Science Laboratory 

(MSL) rover, Curiosity, landed on Mars in August 

2012 with the goal of assessing the past or present 

habitability of an environment in Gale Crater. To 

assess the habitability of these modern and ancient 

environments, MSL carries a suite of instruments 

capable of exploring preserved geologic features that 

may represent habitable environments. This instrument 

suite contains several science camera systems which 

have been used to gain a better understanding of the 

depositional environments in Gale Crater. Recently, 

fluvial and lacustrine deposits 
on Mars have been 

identified as past habitable environments [1]. Part of 

this identific
ation includes characterizing the 

distrib
ution of grain sizes in sedimentary deposits, 

which informs the interpretation of the depositional 

environment. It 
is im

portant to explore the limitations 

on grain size resolution with these cameras, as it 

directly affects the accurate measurement of grains and 

interpretation of depositional environments. T
his stu

dy 

determines the accuracy at which grains in terrestrial 

sedimentary rocks can be identified and measured 

under variable sun angles, and compares results to
 the 

resolution capability of the ChemCam remote micro-

imager (RMI). Compared to the RMI camera, the 

remote cameras (Mast Camera and Navigation 

Camera) that are also used for grain analysis on the 

rover have a lower resolution. Previous studies have 

demonstrated that the RMI camera is a
 useful tool to 

remotely characterize sedimentary deposits [
2]. 

!

 

Fig. 1. Laboratory DSLR image of a coarse sandstone. 

Data Collection Methods: Six samples from the 

Abo Formation were collected in New Mexico, USA. 

The Abo Formation is comprised of fluvial mudstones, 

sandstones, and conglomerates deposited in a low-

gradient alluvial plain in the Permian [3]. Using a high 

resolution digital single-lens reflex (DSLR) camera 

(Nikon D3200 and a Nikkor 18-55 mm lens), im
ages 

were acquired of each sample with simulated sun 

angles of 30º, 45º, and 60º. Grain size and area were 

measured using ImageJ software [4]. The area and 

length (longest visible axis) o
f each grain in a selected 

500 mm2  area were measured and recorded. Grain 

sizes were binned according to the Wentworth scale [5] 

(pebble=4-64 mm, granule=2-4 mm, very coarse 

sand=1-2 mm, coarse sand=0.5-1 mm, medium 

sand=0.25-0.5 mm, fine sand=0.625-0.25 mm, very 

fine sand=0.0625-0.625 mm, silt 
=0.0039-0.0625 mm). 

Accurate grain measurement can be difficult for very 

small grain sizes. Pixelation can blur grain edges and 

grains sm
aller than the pixel size are not resolvable [6]. 

Additionally, two dimensional grain analysis is
 known 

to overestimate particle size in small grains (35 - 140 

µm/pixel; [7]). T
o reduce possible error in grain size 

measurements, we required measured grains in the 

study be composed of at least 5 pixels (as in [8]). 

!

 

Fig. 2. Testbed RMI image of a coarse sandstone. 

To simulate RMI imaging capabilitie
s, tw

o samples 

(Figs 1, 3) were imaged by the RMI testbed imager, an 

identical copy of the RMI on Mars, at the Institute for 

Research in Astrophysics and Planetology in Toulouse, 

France (Figs. 2, 4). The grains in these black and white 

images were measured for area and length, and 

compared to the DSLR color images. The RMI is u
sed 
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Introduction:  In September 2014, the Mars Sci-

ence Laboratory Curiosity rover arrived at the 
Pahrump Hills outcrop after an 8 km traverse from 
Yellowknife Bay. Geologic mapping of high-
resolution orbital images from the HiRISE camera 
suggests that the Pahrump Hills outcrop is Curiosity’s 
first encounter with the Murray formation, the informal 
designation for strata recognized as lower Mount Sharp 
(Figure 1). This study presents an overview of the Cu-
riosity rover team’s investigation of Pahrump Hills and 
provides the stratigraphic context and depositional 
interpretation for sedimentary facies and diagenetic 
textures observed at this outcrop.  

 
Figure 1. Location of the Pahrump Hills outcrop (yellow star) shown 
in HiRISE and on a HiRISE digital terrain model (inset).   
 

The Curiosity Rover Team’s Investigation at 
Pahrump Hills: After completing sample acquisition 
and analysis at the Confidence Hills drill site at the 
base of Pahrump Hills [1], Curiosity began the first of 
two traverses up the ~12 m thick Pahrump Hills sec-
tion (Figure 2). During the first traverse, only the re-
mote science instruments (ChemCam, Mastcam, and 
MARDI) were used to quickly and efficiently charac-
terize the section [2-4]. Several outcrops were then 
examined during a second traverse using Curiosity’s 
dust removal tool (DRT) and contact science instru-
ments (MAHLI and APXS) [5,6]. Using observations 
acquired during the two traverses from the Mastcam, 
MARDI, and MAHLI cameras localized to HiRISE 

DTM and Navcam stereo mesh data, a stratigraphic 
column was constructed for Pahrump Hills using ele-
vations, lithologic, and sedimentary properties (Figure 
3). 

 
Figure 2. Main outcrops visited by the Curiosity rover at the 
Pahrump Hills outcrop displayed on a Mastcam mosaic produced by 
MSSS. White dots = end of drive or mid-drive stops visited during 
traverse 1 only, red dots = outcrops examined during traverse 2, blue 
dot = Confidence Hill drill location.  
 

Sedimentary Facies at Pahrump Hills:  Five 
main sedimentary facies were observed at Pahrump 
Hills (Figure 3): 

Recessively-weathering Massive Mud-
stone/Siltstone.  The most prevalent facies observed 
throughout the Pahrump Hills section is a slope-
forming, very fine-grained rock that appears massive 
in Mastcam and MARDI images. Individual in-situ 
grains are not resolvable in MAHLI images of brushed 
exposures, which suggests that the grain size of this 
facies is less than ~50 µm, or 2.5x the maximum 
MAHLI resolution achieved at a 3.9 cm working dis-
tance. Accordingly, this facies is likely composed of 
clay (<4 µm) to silt-sized (<30-60 µm) particles, but in 
unknown proportions.  

Recessively-weathering Parallel Laminated Mud-
stone/Siltstone. Interbedded within the massive mud-
stone/siltstone facies are very fine-grained intervals 
exhibiting mm-scale, parallel laminae. Individual lam-
inae are laterally continuous and traceable on the dec-
imeter to meter scale. In the vicinity of Shoemaker, 
Alexander Hills, and Chinle, the laminae are distinctly 
rhythmic in appearance. Inclined parallel laminae are 
observed near Pink Cliffs and Alexander Hills, alt-
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Introduction: Geochemical data for both rocks and 

soils from Gale Crater, and Gusev Crater, are compared 

here with data from the Gamma Ray Spectrometer 

(GRS) experiment on the Mars Odyssey Spacecraft [1, 

2]. Both Gale and Gusev craters are located near the di-

chotomy boundary between the Noachian Highlands 

and the younger volcanics and transitional units to the 

north (Fig. 1). Element ratios in these samples may pro-

vide a link between the regional provinces analyzed by 

GRS and the materials at the two landing sites. The lith-

ophile data may lead to a better understanding of the 

origin and evolution of the martian crust in this region 

of Mars, while the volatile element components SO3, Cl, 

and water provide information on volcanic aerosols, 

weathering processes and potentially recent climate [3]. 

Fig. 1 – Portion of the Mars Global Geologic map with 

arrows showing Gale (West) and Gusev (East) craters on the 

dichotomy boundary.  See Fig. 2 for scale and reference. 

 
Geochemical components and normalization: 

Comparing the chemistry of Gale and Gusev samples 

with other martian data must take into account the dif-

ferent geochemical components in the samples. The 

most important distinction is between the lithophile el-

ements including Al, Si, Fe, Mn, Ca, Na, Mg, etc. that 

represents the rock component, and  the volatile ele-

ments including H, C, Cl, S, that represent later external 

input to the soils and rocks. Normalization to SiO2, pro-

vides a way to correct the lithophile elements for varia-

ble amounts of the mobile element component, mainly 

sulfur, chlorine and water. 

 

 

Fig. 2 – Areas with distinctive GRS signatures based on 5 

x 5 degree binned data.  

Fig. 3 – CaO/SiO2 vs. FeO/SiO2 data for areas near Gale 

and Gusev Craters (Fig. 2) with distinctive GRS signatures. 

 
Regional trends from GRS: The GRS composi-

tions reflect the integrated abundances to a depth of ~ 

0.5 m, but the instrument is not collimated, and ~ 50% 

of the received gamma rays come from an area ten de-

grees in diameter on the surface below the instrument 

[4]. Thus most of the signal from each 5 degree binned 

data used in this study comes from outside the nominal 

area represented by the data. Because Gale and Gusev 

craters are only ~ 3 degrees in diameter, there is no way 

to get their unique GRS signatures. Therefore, because 

the two landing sites are on the dichotomy boundary, 

Example of GRS 10 degree “pixel” 
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illiams2 , H. Newsom1 , W. Rapin3 , O. Gasnault4 , R. C. 
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Introduction: The Mars Science Laboratory 

(MSL) rover, Curiosity, landed on Mars in August 

2012 with the goal of assessing the past or present 

habitability of an environment in Gale Crater. To 

assess the habitability of these modern and ancient 

environments, MSL carries a suite of instruments 

capable of exploring preserved geologic features that 

may represent habitable environments. This instrument 

suite contains several science camera systems which 

have been used to gain a better understanding of the 

depositional environments in Gale Crater. Recently, 

fluvial and lacustrine deposits 
on Mars have been 

identified as past habitable environments [1]. Part of 

this identific
ation includes characterizing the 

distrib
ution of grain sizes in sedimentary deposits, 

which informs the interpretation of the depositional 

environment. It 
is im

portant to explore the limitations 

on grain size resolution with these cameras, as it 

directly affects the accurate measurement of grains and 

interpretation of depositional environments. T
his stu

dy 

determines the accuracy at which grains in terrestrial 

sedimentary rocks can be identified and measured 

under variable sun angles, and compares results to
 the 

resolution capability of the ChemCam remote micro-

imager (RMI). Compared to the RMI camera, the 

remote cameras (Mast Camera and Navigation 

Camera) that are also used for grain analysis on the 

rover have a lower resolution. Previous studies have 

demonstrated that the RMI camera is a
 useful tool to 

remotely characterize sedimentary deposits [
2]. 

!

 

Fig. 1. Laboratory DSLR image of a coarse sandstone. 

Data Collection Methods: Six samples from the 

Abo Formation were collected in New Mexico, USA. 

The Abo Formation is comprised of fluvial mudstones, 

sandstones, and conglomerates deposited in a low-

gradient alluvial plain in the Permian [3]. Using a high 

resolution digital single-lens reflex (DSLR) camera 

(Nikon D3200 and a Nikkor 18-55 mm lens), im
ages 

were acquired of each sample with simulated sun 

angles of 30º, 45º, and 60º. Grain size and area were 

measured using ImageJ software [4]. The area and 

length (longest visible axis) o
f each grain in a selected 

500 mm2  area were measured and recorded. Grain 

sizes were binned according to the Wentworth scale [5] 

(pebble=4-64 mm, granule=2-4 mm, very coarse 

sand=1-2 mm, coarse sand=0.5-1 mm, medium 

sand=0.25-0.5 mm, fine sand=0.625-0.25 mm, very 

fine sand=0.0625-0.625 mm, silt 
=0.0039-0.0625 mm). 

Accurate grain measurement can be difficult for very 

small grain sizes. Pixelation can blur grain edges and 

grains sm
aller than the pixel size are not resolvable [6]. 

Additionally, two dimensional grain analysis is
 known 

to overestimate particle size in small grains (35 - 140 

µm/pixel; [7]). T
o reduce possible error in grain size 

measurements, we required measured grains in the 

study be composed of at least 5 pixels (as in [8]). 

!

 

Fig. 2. Testbed RMI image of a coarse sandstone. 

To simulate RMI imaging capabilitie
s, tw

o samples 

(Figs 1, 3) were imaged by the RMI testbed imager, an 

identical copy of the RMI on Mars, at the Institute for 

Research in Astrophysics and Planetology in Toulouse, 

France (Figs. 2, 4). The grains in these black and white 

images were measured for area and length, and 

compared to the DSLR color images. The RMI is u
sed 
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Introduction:  In September 2014, the Mars Sci-

ence Laboratory Curiosity rover arrived at the 
Pahrump Hills outcrop after an 8 km traverse from 
Yellowknife Bay. Geologic mapping of high-
resolution orbital images from the HiRISE camera 
suggests that the Pahrump Hills outcrop is Curiosity’s 
first encounter with the Murray formation, the informal 
designation for strata recognized as lower Mount Sharp 
(Figure 1). This study presents an overview of the Cu-
riosity rover team’s investigation of Pahrump Hills and 
provides the stratigraphic context and depositional 
interpretation for sedimentary facies and diagenetic 
textures observed at this outcrop.  

 
Figure 1. Location of the Pahrump Hills outcrop (yellow star) shown 
in HiRISE and on a HiRISE digital terrain model (inset).   
 

The Curiosity Rover Team’s Investigation at 
Pahrump Hills: After completing sample acquisition 
and analysis at the Confidence Hills drill site at the 
base of Pahrump Hills [1], Curiosity began the first of 
two traverses up the ~12 m thick Pahrump Hills sec-
tion (Figure 2). During the first traverse, only the re-
mote science instruments (ChemCam, Mastcam, and 
MARDI) were used to quickly and efficiently charac-
terize the section [2-4]. Several outcrops were then 
examined during a second traverse using Curiosity’s 
dust removal tool (DRT) and contact science instru-
ments (MAHLI and APXS) [5,6]. Using observations 
acquired during the two traverses from the Mastcam, 
MARDI, and MAHLI cameras localized to HiRISE 

DTM and Navcam stereo mesh data, a stratigraphic 
column was constructed for Pahrump Hills using ele-
vations, lithologic, and sedimentary properties (Figure 
3). 

 
Figure 2. Main outcrops visited by the Curiosity rover at the 
Pahrump Hills outcrop displayed on a Mastcam mosaic produced by 
MSSS. White dots = end of drive or mid-drive stops visited during 
traverse 1 only, red dots = outcrops examined during traverse 2, blue 
dot = Confidence Hill drill location.  
 

Sedimentary Facies at Pahrump Hills:  Five 
main sedimentary facies were observed at Pahrump 
Hills (Figure 3): 

Recessively-weathering Massive Mud-
stone/Siltstone.  The most prevalent facies observed 
throughout the Pahrump Hills section is a slope-
forming, very fine-grained rock that appears massive 
in Mastcam and MARDI images. Individual in-situ 
grains are not resolvable in MAHLI images of brushed 
exposures, which suggests that the grain size of this 
facies is less than ~50 µm, or 2.5x the maximum 
MAHLI resolution achieved at a 3.9 cm working dis-
tance. Accordingly, this facies is likely composed of 
clay (<4 µm) to silt-sized (<30-60 µm) particles, but in 
unknown proportions.  

Recessively-weathering Parallel Laminated Mud-
stone/Siltstone. Interbedded within the massive mud-
stone/siltstone facies are very fine-grained intervals 
exhibiting mm-scale, parallel laminae. Individual lam-
inae are laterally continuous and traceable on the dec-
imeter to meter scale. In the vicinity of Shoemaker, 
Alexander Hills, and Chinle, the laminae are distinctly 
rhythmic in appearance. Inclined parallel laminae are 
observed near Pink Cliffs and Alexander Hills, alt-
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Introduction: Geochemical data for both rocks and 

soils from Gale Crater, and Gusev Crater, are compared 

here with data from the Gamma Ray Spectrometer 

(GRS) experiment on the Mars Odyssey Spacecraft [1, 

2]. Both Gale and Gusev craters are located near the di-

chotomy boundary between the Noachian Highlands 

and the younger volcanics and transitional units to the 

north (Fig. 1). Element ratios in these samples may pro-

vide a link between the regional provinces analyzed by 

GRS and the materials at the two landing sites. The lith-

ophile data may lead to a better understanding of the 

origin and evolution of the martian crust in this region 

of Mars, while the volatile element components SO3, Cl, 

and water provide information on volcanic aerosols, 

weathering processes and potentially recent climate [3]. 

Fig. 1 – Portion of the Mars Global Geologic map with 

arrows showing Gale (West) and Gusev (East) craters on the 

dichotomy boundary.  See Fig. 2 for scale and reference. 

 
Geochemical components and normalization: 

Comparing the chemistry of Gale and Gusev samples 

with other martian data must take into account the dif-

ferent geochemical components in the samples. The 

most important distinction is between the lithophile el-

ements including Al, Si, Fe, Mn, Ca, Na, Mg, etc. that 

represents the rock component, and  the volatile ele-

ments including H, C, Cl, S, that represent later external 

input to the soils and rocks. Normalization to SiO2, pro-

vides a way to correct the lithophile elements for varia-

ble amounts of the mobile element component, mainly 

sulfur, chlorine and water. 

 

 

Fig. 2 – Areas with distinctive GRS signatures based on 5 

x 5 degree binned data.  

Fig. 3 – CaO/SiO2 vs. FeO/SiO2 data for areas near Gale 

and Gusev Craters (Fig. 2) with distinctive GRS signatures. 

 
Regional trends from GRS: The GRS composi-

tions reflect the integrated abundances to a depth of ~ 

0.5 m, but the instrument is not collimated, and ~ 50% 

of the received gamma rays come from an area ten de-

grees in diameter on the surface below the instrument 

[4]. Thus most of the signal from each 5 degree binned 

data used in this study comes from outside the nominal 

area represented by the data. Because Gale and Gusev 

craters are only ~ 3 degrees in diameter, there is no way 

to get their unique GRS signatures. Therefore, because 

the two landing sites are on the dichotomy boundary, 

Example of GRS 10 degree “pixel” 
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Introduction: The Mars Science Laboratory 

(MSL) rover, Curiosity, landed on Mars in August 

2012 with the goal of assessing the past or present 

habitability of an environment in Gale Crater. To 

assess the habitability of these modern and ancient 

environments, MSL carries a suite of instruments 

capable of exploring preserved geologic features that 

may represent habitable environments. This instrument 

suite contains several science camera systems which 

have been used to gain a better understanding of the 

depositional environments in Gale Crater. Recently, 

fluvial and lacustrine deposits on Mars have been 

identified as past habitable environments [1]. Part of 

this identification includes characterizing the 

distribution of grain sizes in sedimentary deposits, 

which informs the interpretation of the depositional 

environment. It is 
important to explore the limitations 

on grain size resolution with these cameras, as it 

directly affects the accurate measurement of grains and 

interpretation of depositional environments. This study 

determines the accuracy at which grains in terrestrial 

sedimentary rocks can be identified and measured 

under variable sun angles, and compares results to the 

resolution capability of the ChemCam remote micro-

imager (RMI). Compared to the RMI camera, the 

remote cameras (Mast Camera and Navigation 

Camera) that are also used for grain analysis on the 

rover have a lower resolution. Previous studies have 

demonstrated that the RMI camera is a useful tool to 

remotely characterize sedimentary deposits [2]. 

!

 

Fig. 1. Laboratory DSLR image of a coarse sandstone. 

Data Collection Methods: Six samples from the 

Abo Formation were collected in New Mexico, USA. 

The Abo Formation is comprised of fluvial mudstones, 

sandstones, and conglomerates deposited in a low-

gradient alluvial plain in the Permian [3]. Using a high 

resolution digital single-lens reflex (DSLR) camera 

(Nikon D3200 and a Nikkor 18-55 mm lens), images 

were acquired of each sample with simulated sun 

angles of 30º, 45º, and 60º. Grain size and area were 

measured using ImageJ software [4]. The area and 

length (longest visible axis) of each grain in a selected 

500 mm2  area were measured and recorded. Grain 

sizes were binned according to the Wentworth scale [5] 

(pebble=4-64 mm, granule=2-4 mm, very coarse 

sand=1-2 mm, coarse sand=0.5-1 mm, medium 

sand=0.25-0.5 mm, fine sand=0.625-0.25 mm, very 

fine sand=0.0625-0.625 mm, silt =0.0039-0.0625 mm). 

Accurate grain measurement can be difficult for very 

small grain sizes. Pixelation can blur grain edges and 

grains smaller than the pixel size are not resolvable [6]. 

Additionally, two dimensional grain analysis is k
nown 

to overestimate particle size in small grains (35 - 140 

µm/pixel; [7]). To reduce possible error in grain size 

measurements, we required measured grains in the 

study be composed of at least 5 pixels (as in [8]). 

!

 

Fig. 2. Testbed RMI image of a coarse sandstone. 

To simulate RMI imaging capabilities, two samples 

(Figs 1, 3) were imaged by the RMI testbed imager, an 

identical copy of the RMI on Mars, at the Institute for 

Research in Astrophysics and Planetology in Toulouse, 

France (Figs. 2, 4). The grains in these black and white 

images were measured for area and length, and 

compared to the DSLR color images. The RMI is used 
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Deep Mars CNN Classification of Mars 
Imagery for the PDS Imaging Atlas

• MSL Rover data set1
• 6,691 labeled images (Mastcam L/R eye, MAHLI)
• 24 classes

• MRO HiRISE data set2
• 10,433 labeled images
• 8 classes
• Augmentation: rotation, flipping, brightness adjustment

Example images for MSLNet

Bright dune

Example images for HiRISENet

Result: Content indexing for 
PDS Atlas 

Wagstaff et al. 2018a IAAI



Cave Exploration

Artists concept.
Predecisional, for 
planning and 
discussion only.

Vaquero et al. 2018 ICAPS PlanRob



2/9/21 45
Visualization.

Predecisional, for 
planning and 
discussion only.

Rovers exploring Cave may depend on 
batteries for power à mission duration of 
days
• With such a short mission, rovers cannot 

wait for instructions from Earth
• True “Fire and forget” mission, completely 

autonomous

Dynamic Zonal Allocation Algorithm
• Each rover maps a pre-assigned zone of 

the cave
• Rovers deep into the cave must expend 

more energy driving
• Rovers closer to the cave entrance expend 

more energy relaying data from deeper 
rovers to the cave entrance

• Algorithm robust to loss of rovers –
adjacent rovers shift to cover newly 
uncovered area

• Algorithm extends to “sneakernet” driving 
to cover areas beyond communications 
range



Artists concept.
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NEO 100 Concept    
Economically Assay 100 Near Earth Objects

Artists concept.Predecisional, for planning and discussion only.
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Lewis and Clark 1804-1806
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Clustering and Metric Learning of Aerial Imagery [Hayden et al. 2012 ACM TIST] 
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Ocean 
Worlds 
submersible 
concept.

Predecisional, for 
planning and 
discussion only.

• A Europa Submersible would have spend a 
year or even more to penetrate kilometers of 
ice

• Then explore autonomously for weeks to 
months at a time searching for life, perhaps 
at hydrothermal vents

• A true challenge for AI!



Deployment May 2017 (KISS)

POC: A. Thompson / Caltech
S. Chien, A. Branch / JPL



From the Recent Polarstern Cruise, Karasik Massif 85 N

Images courtesy of A. Boetjius/AWI, C. German/WHOI, K. Hand/JPL

From the Recent Polarstern Cruise, Karasik Massif 85 N

Images courtesy of A. Boetjius/AWI, C. German/WHOI, K. Hand/JPL
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For further information on Autonomous 
Sciencecraft Onboard Instrument Processing see:

• Thermal Analysis:
Davies, A. G., S. Chien, V. Baker, T. Doggett, J. Dohm, R. Greeley, F. Ip, R. Castano, B. Cichy, R. Lee, G. Rabideau, D. Tran and R. 
Sherwood (2006) Monitoring Active Volcanism with the Autonomous Sciencecraft Experiment (ASE). Remote Sensing of 
Environment, Vol. 101, Issue 4, pp. 427-446.

• Flood Detection:
Ip, F., J. M. Dohm, V. R. Baker, T. Doggett, A. G. Davies, R. Castano, S. Chien, B. Cichy, R. Greeley, and R. Sherwood (2006) 
Development and Testing of the Autonomous Spacecraft Experiment (ASE) floodwater classifiers:  Real-time Smart Reconnaissance 
of Transient Flooding. Remote Sensing of Environment, Vol. 101, Issue 4, pp. 463-481.

• Cryosphere:
Doggett, T., R. Greeley, A. G. Davies, S. Chien, B. Cichy, R. Castano, K. Williams, V. Baker, J. Dohm and F. Ip (2006) Autonomous On-
Board Detection of Cryospheric Change.  Remote Sensing of Environment, Vol. 101, Issue 4, pp. 447-462.

• Sulfur:
L. Mandrake, U. Rebbapragada, K. Wagstaff, D. Thompson, S. Chien, D. Tran, R. Pappalardo, D. Gleeson, R. Castano, “Surface Sulfur 
Detection via Remote Sensing and Onboard Classification,” ACM Transactions on Intelligent Systems Technology, Special Issue on AI 
in Space, Vol. 3 No. 4, 2012.
D. F. Gleeson, R. Pappalardo, S. Grasby, M. Anderson, B. Beauchamp, R. Castano, S. Chien, T. Doggett, L. Mandrake, K. Wagstaff, 
“Characterization of a sulfur-rich Arctic spring site and field analog to Europa using hyperspectral data,” Remote Sensing of 
Environment (2010), doi:10.1016/j.rse.2010.01.011

• Hyperspectral: 
D. R. Thompson, B. Bornstein, S. Chien, S. Schaffer, D. Tran, B. Bue, R. Castano, D. Gleeson, A. Noell, “Autonomous Spectral Discovery 
and Mapping Onboard the EO-1 spacecraft, IEEE Transactions on Geoscience and Remote Sensing, 2012. 



For further information:
• ASE Architecture, Overview:

S. Chien, R. Sherwood, D. Tran, B. Cichy, G. Rabideau, R. Castano, A. Davies, D. Mandl, S. Frye, B. Trout, S. Shulman, 
D. Boyer, “Using Autonomy Flight Software to Improve Science Return on Earth Observing One, Journal of 
Aerospace Computing, Information, & Communication, April 2005, AIAA.

• Flight Software Aspects of ASE: 

D. Tran, S. Chien, G. Rabideau, B. Cichy, Flight Software Issues in Onboard Automated Planning: Lessons Learned 
on EO-1, International Workshop on Planning and Scheduling for Space, Darmstadt, Germany, June 2004.

• Operations of EO-1 before and after ASE: 

G. Rabideau, S. Chien, R. Sherwood, D. Tran, B. Cichy, D. Mandl, S. Frye, S. Shulman, R. Bote, J. Szwaczkowski, D. 
Boyer, J. Van Gaasbeck, Mission Operations with Autonomy: A preliminary report for Earth Observing-1, 
International Workshop on Planning and Scheduling for Space, Darmstadt, Germany, June 2004.

• Validating the Autonomous Sciencecraft:

B. Cichy, S. Chien, S. R. Schaffer, D. Tran, G. Rabideau, R. Sherwood, D. Mandl, R. Bote, S. Frye, B. Trout, S. Shulman, 
J. Hengemihle, J. D'Agostino, J. Van Gaasbeck, D. Boyer, “Validating the Autonomous EO-1 Science Agent,” 
International Workshop on Planning and Scheduling for Space, Darmstadt, Germany, June 2004. 

• ASE Anomalies:

D.  Tran, S.  Chien, G.  Rabideau, B.  Cichy, “Safe Agents in Space: Preventing and Responding to Anomalies in the 
Autonomous Sciencecraft Experiment,” Autonomous Agents and Multi-Agent Systems Conference, International 
Workshop on Safety and Security in Multi-Agent Systems.  (AAMAS 2005).  Utrecht, Netherlands, July 2005. 



For Further details see:

• Sensorweb (sensorweb.jpl.nasa.gov)
• S. Chien, J. Doubleday, D. Mclaren, D. Tran, V. Tanpipat, R. Chitradon, S. Boonya-aroonnet, P. 

Thanapakpawin, D. Mandl, “Monitoring flooding in Thailand using Earth observing One in a 
Sensorweb,”. IEEE J. Sel. Topics Appl. Earth Observ. Remote Sens, 6 (2 pt 1), 291-297, 2013.

• A. G. Davies, S. Chien, J. Doubleday, D. Tran, T. Thordarson, M. Gudmundsson, A. Hoskuldsson, S. 
Jakobsdottir, R. Wright, D. Mandl, “Observing Iceland's Eyjafjallajökull 2010 Eruptions with the 
Autonomous NASA Volcano Sensor Web", Journal of Geophysical Research - Solid Earth, 2013.

• Davies, A. G.; Chien, S.; Doubleday, J.; Tran, D.; and McLaren, D. The NASA Volcano Sensorweb: 
Over a Decade of Operations. In International Joint Conference on Artificial Intelligence 
Workshop on Artificial Intelligence in Space (AI Space, IJCAI 2015), Buenos Aires, Argentina, July 
2015. 

• Chien, S.; Mclaren, D.; Doubleday, J.; Tran, D.; Tanpipat, V.; and Chitradon, R. Using High-
resolution, Taskable Remote Sensing Imagery to support a Sensorweb for Thailand Flood 
Monitoring. Journal of Aerospace Information Systems (JAIS). 2018. 



For Further details see:
• MER-WATCH
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